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GEOLOGY AND GOLD MINERALIZATION OF THE
GOLD BASIN-LOST BASIN MINING DISTRICTS,
MOHAVE COUNTY, ARIZONA

By Tep G. THeEODORE, WiLL N. Bralr, and J. THoMAs NasH

ABSTRACT

The Gold Basin and adjacent Lost Basin mining districts are in north-
western Arizona, south of Lake Mead and just west of the Grand Wash
Cliffs. Gold in quartz veins was apparently first discovered in the area
in the 1870’s. Recorded production from the districts between 1901 and
1942 includes 13,508 oz gold and 6,857 oz silver and has a value of about
$359,000, of which 98 percent is credited to gold. Most recorded pro-
duction from lode deposits was from mines in the Gold Basin district,
which is in the southern White Hills, whereas the bulk of placer pro-
duction was along the east flank of the Lost Basin Range, about 16 km
to the northeast across Hualapai Valley. The districts have been idle
since about 1942, except for very small scale placer mining.

Most known occurrences of lode gold in the districts are associated
with widespread quartz-cored pegmatite vein systems that were prob-
ably emplaced episodically during Early Proterozoic, Middle Proterozoic,
and Late Cretaceous time into Early Proterozoic metamorphic and
igneous rocks. Most of the veins apparently were emplaced during the
Late Cretaceous, and they were localized along both high- and low-angle
structures in the Early Proterozoic rocks. These veins are associated
spatially and possibly genetically with two-mica magmatism of presumed
Late Cretaceous age. A Late Cretaceous two-mica monzogranite, which
includes some episyenite, crops out in an area of 4 to 5 km? in the
southern part of the Gold Basin district. Some gold is found also in small
episyenitic alteration pipes and in veins along a regionally extensive,
low-angle detachment surface that has been traced for at least 30 km
along the western flank of the White Hills and crops out conspicuously
in their southern part.

Hydrothermal micas from selected veins in the districts give K-Ar
ages of 822, 712, 69, 68, and 65 Ma, and those from pipes give ages
of 130 and 127 Ma. The oldest ages (822 and 712 Ma) may reflect reset-
ting of veins emplaced penecontemporaneously with the 1,400-m.y.-old
granite of Gold Butte, which crops out just to the north of Lake Mead.
The ages from pipes (130 and 127 Ma) must reflect either the presence
of excess radiogenic argon in the hydrothermal environment of the evolv-
ing pipes or contamination of the dated mineral separates by Proterozoic
mica and (or) feldspar. Primary white mica from the two-mica monzo-
granite gives a K-Ar age of 72 Ma.

Most occurrences of gold in the veins and pipes probably reflect either
remobilization of gold from gold-bearing, near-surface Proterozoic
metabasite or anatectic incorporation of gold into Late Cretaceous,
two-mica magmas from very deep gold-bearing Proterozoic sources.
Deposition of gold occurred in a mesothermal environment during the
galena-, chalcopyrite-, and ferroan-carbonate-bearing stages of the veins.
Homogenization studies of fluid inclusions prominent in the veins and
pipes yield temperatures mostly in the range 150 to 280 °C. Early-stage
trapping temperatures in the pipes were probably about 330 °C, and
pressures in the range 50 to 70 MPa can be inferred. Fluids were
moderately saline, mostly 4 to 16 weight percent NaCl equivalent, non-
boiling, and contained appreciable amounts of carbon dioxide and, in

places, fluorine. Such fluids associated with the deposition of gold in
these districts largely bridge the fluid-composition interval between fluids
associated with other epithermal precious-metal and porphyry copper
deposits.

Approximately 350 compositional analyses of samples of native gold
from 20 mines in the Gold Basin district and from 48 veins in the Lost
Basin district show silver contents from 6 to approximately 50 weight
percent, and copper contents from 0.01 to 0.5 weight percent. Metal
zonation and a possible relation to a porphyry copper system at depth
can be inferred from some of these chemical data. Differences between
the composition of placer gold from 24 occurrences in the Lost Basin
district and that of gold in nearby lode sources suggest that other sources
contributed gold to the placers or that locally derived grains were en-
riched by oxidation and weathering of the lodes.

INTRODUCTION

The Gold Basin-Lost Basin mining districts of north-
western Arizona are in Mohave County, 120 km southeast
of Las Vegas, Nev., and about 95 km north of Kingman,
Ariz. (fig. 1). These districts comprise primarily gold-
bearing vein deposits containing minor byproduct lead,
silver, and copper, and placer gold deposits. Gold was first
discovered there in the 1870’s. The districts lie adjacent
to each other south of Lake Mead and west of the Grand
Wash Cliffs, which mark the boundary of the Colorado
Plateau. The Gold Basin district is mostly in the southern
White Hills, and the Lost Basin district is to the east,
across Hualapai Wash; they are mostly in the Garnet
Mountain 15-minute quadrangle (fig. 2). In this report, we
follow a broadly defined, strictly geographic assembly of
mineral deposits and occurrences into mining districts.
Our Gold Basin mining district includes the Gold Basin,
Cyclopic, and Gold Hill mineral districts of Welty and
others (1985), and our Lost Basin mining district includes
the Lost Basin and Garnet Mountain mineral districts of
Welty and others (1985). In their classification, Welty and
others (1985) grouped known metallic mineral occurrences
and deposits according to metallogenic criteria. This
report summarizes field and laboratory investigations in
which a remarkable suite of gold-bearing samples were
collected from wide-ranging localities in these districts.
Included are discussions of the environment(s) and age
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of gold deposition based on geochemical studies, fluid-
inclusion studies, and K-Ar isotopic dating, all supple-
mented by observations with the scanning electron
microscope (SEM). For our investigations, lode and placer
samples containing visible gold were collected from more
than 30 localities.
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(1975) of the U.S. Geological Survey in the Garnet Moun-
tain quadrangle during the late 1960’s and early 1970’s
and of E.J. Krish (1974) and A.J. Deaderick (1980) pro-
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vided the geologic framework upon which we built much
of our studies. Further, Blacet collected many of the gold-
bearing samples used in this study. R.L. Oscarson intro-
duced us to the scanning electron microscope methods
needed in the development of electron micrographs and
aided our usage of the X-ray detector (EDAX) during the
qualitative chemical analyses of selected mineral grains.
Fluid-inclusion studies were conducted in the laboratory
of W.E. Hall, U.S. Geological Survey.

HISTORY OF MINING ACTIVITY

The Gold Basin district is situated mostly in the eastern
part of the White Hills and is bounded on the east by
Hualapai Wash (fig. 2). Gold in quartz veins apparently
was discovered in the district in the early 1870’s, and most
of the production until 1932 came from a small group of
mines, including the E1 Dorado, Excelsior, Golden Rule,
Jim Blaine, Never-Get-Left, O.K., and Cyclopic (fig. 3).
About 1880 there was a small boom in the area, and by
1881 the ores were being worked in two stamp mills
(Burchard, 1882, p. 253); in 1882 the E1 Dorado mine pro-
duced 26,000 tons of developed ore (Burchard, 1883, p.
305). Table 1 summarizes information concerning the mills
previously operated in the Gold Basin-Lost Basin districts.
The first stamp mill, a cooperative venture by the miners,
was built about 1880 at ‘“‘Grass Springs’’ near the pres-
ent (1986) headquarters of the Diamond Bar Ranch, and
in 1881 a second five-stamp mill was constructed, probably
at Red Willow Spring, 4.0 km southwest of the Cyclopic
mine. By 1883, most of the important mines in the district
had been located, were developed, and had produced
relatively small tonnages of free-milling, gold-quartz ores
ranging from 0.5 to 3.0 oz gold per ton.

A third stamp mill was built along Hualapai Wash about
1886 and soon became the nucleus of a settlement called
Gold Basin. About this time the gold-bearing veins in the
Lost Basin district were discovered, and the centrally
located Gold Basin mill soon became the most important
in the region. Several years of relative inactivity preceded
and followed the burning of the Gold Basin mill in 1893,
but in 1896 it was rebuilt with 10 stamps and a cyanide
plant. Water was piped about 10 km from water tunnels
at Patterson’s well (SW¥% sec. 36, T. 29 N., R. 17 W),
because two wells drilled at Gold Basin had penetrated
nothing but dry alluvial gravels to depths of 150 and
230 m (Lee, 1908, p. 78). Most of the mines in both
districts had passed their peaks of production when the
second burning of the Gold Basin mill occurred in 1906;
in June 1907 the post office at “Basin” was discontinued,
and postal service was transferred entirely to a post office
established in 1905 at the Cyclopic mine.

In 1904, the Cyclopic mine was purchased by the
Cyclopic Gold Mining Company, and the next year a

40-ton-per-day cyanide mill was built along Cyclopic Wash
just below the mine. From this time on, “Cyclopic” was
the main population center of the district, supporting a
post office until 1917. After several years of idleness,
intermittent production began again at the Cyclopic in
1919, and the old mill was remodeled in 1923 after the
mine was taken over by the Gold Basin Exploration Com-
pany. In 1926 a new ore body was discovered, so the mill
was again remodeled and its daily capacity increased to
100 tons.

Although the Cyclopic was one of the earliest discov-
eries and also was one of the largest overall producers
of ore in the district, it was apparently inactive during
the late 1920’s. However, in 1929 the Kiowa Gold Mining
Company built the San Juan mill about 1.6 km north of
Cyclopic. Water for this then-new 60-ton mill evidently
was obtained from the Cyclopic pumping station, previ-
ously built about 1905 to pipe water to an earlier mill at
the same site. The actual source of the water was a well
5 km to the southwest (S% sec. 35, T. 28 N., R. 19 W.).
About this time there was renewed interest in the Har-
monica (Climax) mine, 3.2 km north of the San Juan mill.
This mill may have processed ore from several small near-
by mines until the Cyclopic mill was reactivated about
1932. The Cyclopic mine produced intermittently during
1932-34, when the shallow underground workings were
abandoned in favor of a large-volume opencut operation.
By late 1933 a cyanide mill operated at a daily capacity
of 125 tons, and a total of about 40 men were employed
at the mine and mill. Much of the ore mined in 1934
reportedly averaged 0.2 oz gold per ton (Wilson and
others, 1934, p. 77). In 1936 the Cyclopic property was
acquired by Manta de Oro Mines, Inc., and the mine pro-
duced somewhat steadily through 1940. From 1941 to
about 1967 the mine was idle, and all mine buildings are
now (1986) gone. Exploration drilling in 1968 failed to
locate any additional ore. However, some attempts to
heap-leach at the site of the Cyclopic mine apparently
were undertaken in 1981. In 1984-85 Saratoga Mines Inc.
of Blackhawk, Colo. apparently conducted some additional
exploration near the Cyclopic mine (Engineering and
Mining Journal, 1984; Saratoga Mines, Inc, Quarterly
Report to Stockholder, March 31, 1984).

In addition to the Cyclopic, O.K., and Excelsior mines,
which were relatively steady producers over the years,
the following mines had intermittent production during
the Depression-era mining revival from 1930 to 1942: Har-
monica, Eldorado, Fry, Gold Hill, Golden Link, Golden
Rule, M.O., Morning Star, and San Juan. Most of the ore
from these and several smaller mines and prospects was
treated at the Cyclopic or Malco mills. In 1942, four lode
mines in the Gold Basin district had a recorded produc-
tion of 108 oz gold and 24 oz silver from 249 short tons
of treated ore (Woodward and Luff, 1943). The district
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CORRELATION OF MAP UNITS
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DESCRIPTION OF MAP UNITS
Sedimentary deposits (Quaternary)— Includes sand and gravel along

active stream washes, talus, colluvium, poorly consolidated
fanglomerate currently being dissected, and landslide deposits;
also may include extensive high-level fanglomeratic deposits, west
of Grand Wash Cliffs in general area of Grapevine Mesa, that may
be Tertiary and (or) Quaternary in age

Fanglomerate (Quaternary and (or) Tertiary)—Locally derived
fanglomerate deposits that include mostly clasts of metamorphic
rock south-southeast of Senator Mountain and that do not
contain clasts of rapakivi granite or any interbedded tuffs

Muddy Creek Formation (Tertiary)

Tml Hualapai Limestone Member — Includes limestone interbedded with
thin beds of limy claystone, mudstone, and siltstone. Weathered
limestone beds have a predominantly reddish color and form steep
cliffs where they are dissected by Hualapai Wash

Basalt— As shown, flows at Senator Mountain, near west edge
of map area, and at Iron Spring Basin, near east edge. Basalt in
these two areas correlates probably with basalt flows (not shown)
that conformably underlie the Hualapai Limestone Member and
also are interbedded with fanglomerate of the Muddy Creek For-
mation near northwest corner of map area. Whole-rock K-Ar age
determination of basalt from this area yields age of 10.9 Ma (see
section by E.H. McKee, this report)

GEOLOGY AND GOLD MINERALIZATION OF THE GOLD BASIN-LOST BASIN MINING DISTRICTS, ARIZONA

Fanglomerate — Alluvial fanglomeratic deposits that include con-

glomerate, sandstone, siltstone, mudstone, and locally abundant
gypsum lenses. Locally includes lenses and beds of rhyolitic tuff
and, as shown near southwest corner of map area, fanglomerate
mapped previously by Blacet (1975) as unit Tf. Unit is also intruded
by minor basalt dikes, especially in general area of Senator Moun-
tain. Near northwest corner of map area, unit includes well-
exposed flows of basalt

Volcanic rocks (Tertiary)—Includes mostly andesite. Map unit near
northwest corner of map area internally is highly broken by
numerous faults, and near here, unit also includes air-fall tuff and
reddish-brown sandstone interbedded with chaotic sedimentary
breccia composed of fragments of Early Proterozoic gneiss. In
places, unit also includes massive porphyritic hornblende andesite
and basalt flows and breccia and overall minor amounts of tightly
cemented volcaniclastic rocks. Flow layering and bedding gener-
ally dip at angles of 35° in contrast with shallow dips of about 5°
in unconformably overlying basal fanglomerate of the Muddy
Creek Formation. Age ranges of 11.8 to 14.6 Ma are reported near
type section of the Mount Davis Volcanics (Anderson and others,
1972), whereas K-Ar age determination on sanidine from air-fall
tuff near Salt Creek Wash in northwestern part of area yields age
of 15.4 Ma. The volcanic rocks may be equivalent of the Mount
Davis Volcanics or the Patsy Mine Volcanics (see section by E.H.
McKee, this report).

Rhyolitic tuffaceous sedimentary rocks and fanglomerate (Tertiary)—
Includes well-bedded mudflows and rhyolitic tuffaceous sedimen-
tary rocks and minor amounts of fanglomerate. Crops out as steep-
ly dipping sequence of rocks, bounded by north-striking faults, near
south end of Lost Basin Range. Possibly equivalent to the Mount
Davis Volcanics

Fanglomerate (Tertiary) — Coarse fanglomeratic deposits that locally
include landslide or mudflow breccia. Overlain unconformably by
fanglomeratic deposits of the Muddy Creek Formation, and ap-
parently intercalated with andesite possibly equivalent to the
Mount Davis Volcanics

Two-mica monzogranite (Cretaceous)—Includes mostly highly
leucocratic muscovite-biotite monzogranite and some minor
amounts of felsic muscovite granodiorite and episyenitic-altered
muscovite-biotite monzogranite. Some facies are fluorite bearing.
Porphyritic variants contain as much as 5 percent quartz
phenocrysts. In places, contains very weakly defined primary lay-
ering of dimensionally oriented potassium feldspar and biotite

Sedimentary rocks, undivided (Paleozoic)—Includes Cambrian Tapeats
Sandstone, Bright Angel Shale, and Muav Limestone

Diabase (Middle Proterozoic)—Includes normally zoned laths of
plagioclase set in very fine grained matrix of granules of opaque
mineral(s) and clinopyroxene. Close to chilled margins of some
fresh outcrops of undeformed diabase, olivine is found in concen-
trations of as much as 10 volume percent. Small masses of fine-
grained diabase crop out sporadically in Early Proterozoic igneous
and metamorphic rocks. Most extensive exposures are about 2 km
east of Garnet Mountain. Subophitic textures are dominant. Lower
chilled margins of some sills contain sparse hornblende and biotite
microveinlets. Presumed to be correlative with the diabase of
Sierra Ancha, Ariz., having an emplacement age of 1,150 Ma
(Silver, 1963)

Porphyritic monzogranite of Garnet Mountain (Early Proterozoic)—
Includes conspicuous, large potassium feldspar phenocrysts, set
in a light-pinkish-gray, coarse-grained hypidiomorphic ground-
mass. Many exposures show tabular phenocrysts as much as 10
cm long. Some phases are predominantly subporphyritic seriate
and show an almost continual gradation in size of their euhedral
potassium feldspar phenocrysts. Most widely exposed mass crops
out in the general area of Garnet Mountain, in the southeastern
part of the area, and extends discontinuously from there to north
along the low hills leading to Grand Wash Cliffs. Dated by Wasser-
burg and Lanphere (1965) to be about 1,660 Ma

FIGURE 2.—Continued.
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has been idle generally from about 1942 to the mid-1970’s,
except for small-scale placer mining that recovered a little
detrital gold. In 1985-86 at least three major mining com-
panies were active in the district; some relatively closely
spaced drill holes were put down in the general area of
the Owens mine.

The Lost Basin district contains a wide-ranging group
of placer and lode mines in a belt lying between Hualapai
Wash on the west and the Grand Wash Cliffs on the east
(fig. 3). It extends from the Colorado River at the mouth
of the Grand Canyon southward through the Grand Wash
Cliffs for a total length of about 32 km. This district,
although much larger in areal extent, has not been as
active nor as productive as the adjacent Gold Basin
district. The principal gold veins were discovered in 1886,

Granodiorite border facies of porphyritic monzogranite (Early Pro-
terozoic)— Gray granodiorite that includes variable proportions of
biotite, hornblende, quartz, plagioclase, and potassium feldspar.
Includes less abundant porphyritic granodiorite and porphyritic
monzogranite phases. Locally coarse grained and sparsely por-
phyritic. Porphyritic phases show potassium feldspar phenocrysts
set in coarse-grained hornblende-biotite hypidiomorphic granular
matrix that is very magnetite rich. Crops out along west and
southwest flanks of Garnet Mountain as mafic border facies of por-
phyritic monzogranite of Garnet Mountain. Found as
homogeneous discrete bodies and also in the mixed granodiorite
complex (Xgc)

Xbm| Biotite monzogranite (Early Proterozoic)—Includes a homogeneous
light-gray, fine-grained monzogranite and some porphyritic facies
containing pot feldspar and quartz phenocrysts. Crops out
south-southeast of Garnet Mountain and in the southern part of
the Gold Basin mining district. In southern Gold Basin district,
forms host rock for numerous fluorite-bearing, quartz-carbonate
veins, presumably Late Cretaceous in age, some of which con-
tain visible gold

Leucocratic monzogranite (Early Proterozoic)—Typically light-
vellowish-gray rock and generally nonporphyritic. Partly chlorit-
ized biotite makes up less than 5 percent of most outcrops. Crops
out as discontinuous, lensoid masses along western front of Garnet
Mountain. Where well exposed, contacts with porphyritic mon-
zogranite of Garnet Mountain (Xpm) show irregular dike offshoots
of porphyritic monzogranite of Garnet Mountain cutting leucocratic
monzogranite

Mixed granodiorite complex (Early Proterozoic)— Composite unit that
includes mainly granodiorite (Xgd), some of which is porphyritic,
and porphyritic monzogranite of Garnet Mountain (Xpm). Also in-
cludes some leucocratic monzogranite (XIm)

Xgg | Gneissic granodiorite (Early Proterozoic)— Generally, well-foliated,
medium-gray-green rock containing highly variable alkali feldspar
to plagioclase ratios. Biotite makes up about 20 volume percent
of unit. Crops out in elongate body in southern White Hills

Leucogranite (Early Proterozoic) — Includes coarse-grained leucogranite
to pegmatitic leucogranite that contains potassium feldspar
phenocrysts as much as 8 cm wide. Largest mass is 1-km-long
sill cropping out 3 km northeast of Cyclopic mine. Stringers several
centimeters wide parallel layering throughout much of the gneiss
(Xgn). Fabrics grade from relatively undeformed to intensely
mylonitic. Northeast of Gold Hill mine, large sills of pegmatitic
leucogranite increase in abundance and eventually grade into com-
plexes of migmatitic leucogranite (Xml). Most facies show modal
compositions that plot in the field of granite; some outcrops of
gneissic leucogranite contain garnet

and the production of the district was reported by
Schrader (1909) to be “many thousand dollars,” chiefly
in gold. Placers apparently were first worked in 1931 and
resulted in a minor local boom. However, recorded pro-
duction in copper, gold, and silver during 1904-32 was
valued at less than $45,000 (Hewett and others, 1936).
The King Tut placers, discovered in 1931, were the most
important placers in the Lost Basin district. Systematic
sampling of the King Tut placers by G.E. Pitts in 1932.
delineated approximately 90,000 tons of indicated
reserves and 250,000 tons of probable reserves before
mining operations on a relatively large scale began
(Mining Journal, 1933, p. 10). All of this was confined to
approximately one section of land. In the last four months
of 1933 the King Tut yielded 117 oz of gold (Gerry and

Feldspar gneiss (Early Proterozoic)— Generally, light gray to light
pinkish gray; compositionally homogeneous and typified by a
strongly lineated fabric. Includes minor amounts of amphibolite,
mafic gneiss, highly crenulated quartz tourmaline schist, and tour-
malinite. Crops out in a 5-km-long and 0.8-km-wide sliver,
bounded by faults in southern Lost Basin Range. Cut by quartz-
feldspar veins, some of which contain gold

Migmatitic leucogranite complex (Early Proterozoic)— Composite unit
that includes swarms of leucogranite (Xl), aplite, and pegmatite
dikes, together with pegmatoid quartz veins all cutting gneiss
(Xgn). Complex and highly deformed by a ductile (mylonitic and
gneissic) style of deformation

Gneiss (Early Proterozoic)—Includes variably metamorphosed gneiss
and some metaquartzite in northern parts of the Lost Basin Range,
and in northern White Hills. Exposed sequence of gneiss in
southern parts of the Lost Basin Range includes abundant

tabasite and amphibolite consisting partly of metagabbro,
metaclinopyr« ite, metawehrlite, metadiabase, and metabasalt.
Intruded to varying degrees by porphyritic monzogranite of Garnet
Mountain { Xpm), biotite monzogranite (Xbm), Jeucocratic mon-
zogranite ( XIm), leucogranite (XI), and diabase (Ydb)

Migmatitic gneiss (Early Proterozoic)—Composite unit that includes
mostly gneiss (Xgn) intruded to varying degrees by porphyritic
monzogranite of Garnet Mountain (Xpm), biotite monzogranite
(Xbm), and granodiorite (Xgd)

Migmatite (Early Proterozoic)—Composite unit that includes mostly
medium-grained, sparsely porphyritic monzogranite of Garnet
Mountain (Xpm) complexly intruded into gneiss (Xgn)

?Contact—Queried where location uncertain

Fault— Dashed where approximately located; dotted where concealed
—a—A—? Detachment fault— Dashed where approximately located; dotted where
concealed; queried where uncertain. Sawteeth on upper plate

® Lode-gold locality — Collected for this report or observed (see Blacet,
1975; and section by J.C. Antweiler and W.L. Campbell, this

report)
+e>=*?Fluorite occurrence—Quter limit observed either in veins or
disseminated in the Late Cretaceous two-mica monzogranite;
dashed where approximately located; queried where uncertain

Area of placer deposit and (or) mine

F1GURE 2.—Continued.
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Miller, 1935). By 1936 the gold output from the King Tut
was 450 oz, which represented the bulk of the entire pro-
duction from the Lost Basin district. In 1939 Mr. Charles
Duncan placered 13 oz of gold in 16 days, using only a
sluice box and wash tub, near the King Tut placers
(Engineering and Mining Journal, 1939), whereas the
King Tut placers themselves were only worked intermit-
tently until 1942. Eventually, placer mining of uncon-
solidated gravel from the upper reaches of present-day
arroyos extended across approximately 25 km? in the
general area of the King Tut placers (Blacet, 1969). None-
theless, by 1942 no additional production was recorded
from the Lost Basin district. However, in the middle and
late 1960’s several small operators using dry washers
were active intermittently in the general area of the King
Tut placers. These washers were powered by small
portable gasoline motors. Because of the surge in the price
of gold during 1978-80, small-scale placer operations and
extensive exploration efforts, centered on an area just to
the north of the King Tut placers, began again. These
efforts were continuing intermittently through 1986.

A summary of the recorded metal production from the
lode mines in the Gold Basin-Lost Basin districts between
1901 and 1942 reveals that 13,508 oz gold, 6,857 oz silver,
5,918 1b (2,684 kg) copper, and 43,652 1b (19,797 kg) lead
were produced from a total of 69,189 tons of treated ore
(table 2). The value of these metals was approximately
$359,000, and approximately 98 percent of the dollar
value is credited to gold. Recorded production from the
Gold Basin district in the period 1904 to 1932 was 15,109
tons of ore yielding 6,244.91 oz gold, 5,059 oz silver, 4,738
lbs copper, and 1,765 1b lead, valued in all at $133,014
(Hewett and others, 1936; table 2). Most of this produc-
tion, excluding 4,711 lb copper produced during 1918,
came from the Eldorado mine. The 4,711 Ib of copper is
assigned questionably to an unknown mine in the Gold
Basin district. A total of 19 oz of placer gold was also
recovered from the Gold Basin district in 1942 (Woodward
and Luff, 1943).

GENERAL GEOLOGY OF THE DISTRICTS

The Gold Basin-Lost Basin mining districts are in the
Basin and Range province, just south of Lake Mead and
west of the Colorado Plateau. The west edge of the Colo-

FIGURE 3.—Schematic east-west cross section from ancestral highland
of the White Hills-southern Virgin Mountains to Grand Wash Cliffs
showing inferred geologic relations. Arrows, direction of relative move-
ment; dashed line, previous position or approximate location; query,
where uncertain. Modified from P.M. Blacet (unpub. data, 1967-72)
and Deaderick (1980). A, About 15-18 Ma. B, About 8 Ma. C, About
5 Ma. D, Present day.

rado Plateau is approximately 3 km west of the east edge
of the Garnet Mountain quadrangle (fig. 1), where the
generally gently east dipping to flat-lying lower Paleozoic
basal formations of the Colorado Plateau crop out along
the Grand Wash Cliffs. The districts are present in an
uplifted region near the leading edge of the North Ameri-
can platform (see Burchfiel, 1979; Dickinson, 1981) and
straddle several north-trending ranges of mostly Pro-
terozoic basement rocks from which the rocks of the
Paleozoic stable platform have been removed by erosion.
Lake Mead occupies a structurally complex area to the
north marked by the junction of several regionally exten-
sive major geologic features (see Anderson and Laney,
1975; Angelier and others, 1985). These features include
the boundary between the Paleozoic miogeocline and
stable platform, the Mesozoic Sevier orogenic belt, and
the Las Vegas shear zone. Further, the districts are pres-
ent along the southern extension of the Virgin Mountains
structural block of Longwell (1936) and Anderson and
Laney (1975). The districts include two ranges of mostly
Early Proterozoic metamorphic and igneous rocks, the
White Hills and the next range to the east, herein termed
the Lost Basin Range but referred to as the Infernal
Range by Lucchitta (1966), and two intervening valleys
filled by Tertiary and Quaternary deposits (Blacet, 1975).
These two valleys are drained by Hualapai Wash and
Grapevine Wash, and the latter valley also cuts through
Grapevine Mesa. The Grapevine geomorphic trough in-
cludes the Grand Wash fault zone, a N. 10°-15° E.-
striking system of Miocene normal faults (west block
down) now covered by Tertiary fanglomerate and Quater-
nary gravel (see Longwell, 1936; Lucchitta, 1966, 1979).
The trace of the Grand Wash fault zone is inferred to pass
between Lost Basin Range and Garnet Mountain, south-
west of which the Grand Wash fault zone is inferred on
the basis of relations apparent in satellite imagery (Goetz
and others, 1975, fig. IV-B-2) to terminate against a
younger northwest-striking structure, herein named the
Hualapai Valley fault. The Hualapai Valley fault is in-
ferred to change its strike gradually to almost north-south
as it passes west of the Lost Basin Range along the main
drainage of Hualapai Wash (Liggett and Childs, 1977).
Major offsets along the Hualapai Valley fault may be
penecontemporaneous with deposition of the uppermost
sequences of the upper Miocene limestone. However,
along the Grand Wash trough basin-and-range faulting
was active during the early stages of basin fill, although
movement(s) along some faults apparently continued after
deposition of the upper Miocene limestone, (Lucchitta,
1972; also note displacements shown along the Wheeler
fault in figure 6 of Lucchitta, 1979). Similarly, initial
movements along the Hualapai Valley fault may have con-
tributed toward local development of an embayment in
which the limestone was deposited.
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GENERAL GEOLOGY OF THE DISTRICTS

Early Proterozoic rocks crop out widely in both the Gold
Basin and Lost Basin mining districts. These rocks con-
sist mostly of gneiss that presumably is 1,750 Ma and that
includes both paragneiss and orthogneiss, the coarse-
grained porphyritic monzogranite of Garnet Mountain,
and relatively small masses of medium-grained leucocratic
monzogranite that crop out as part of the plutonic com-
plex of Garnet Mountain (fig. 2). In this report, we use
the classification of Streckeisen and others (1973). As
such, the porphyritic monzogranite of Garnet Mountain
and the leucocratic monzogranite correspond to the por-
phyritic quartz monzonite and leucocratic quartz mon-
zonite of Blacet (1975), who followed the classification of
Bateman (1961). The porphyritic monzogranite of Garnet
Mountain intrudes gneiss and most likely was emplaced
about 1,660 Ma (Wasserburg and Lanphere, 1965). The
Proterozoic terrane in the quadrangle also includes small
bodies of granodiorite, gneissic granodiorite, alaskite,
various mappable migmatite units, feldspathic gneiss, am-
phibolite derived from igneous and sedimentary proto-
liths, and other metasedimentary rocks, including some
fairly widespread metaquartzite. In addition, some minor
amounts of diabase that presumably is of Middle Pro-
terozic age are exposed mostly as thin northwest-striking
dikes in the general area of Iron Spring Basin (fig. 2).

The most widespread unit of Early Proterozoic age to
crop out in the districts is the gneiss unit (Xgn, fig. 2).

TABLE 2.—Production of gold, silver, copper, and lead from lode deposits
in the Gold Basin-Lost Basin mining districts, 1901-42

[Quantities furnished by the U.S. Bureau of Mines; -—, no production recorded]

Ore treated Gold Silver Copper Lead
Year (short tons) (ounces) (ounces) (pounds) (pounds)

1901-=— 30 59 15 —— ——
1902=w=- 3,900 260 810 — ——
1903=-— 4,723 2,361 300 — ——
1904 =mmm 2,000 1,429 351 —_ —
1905==— 360 1,356 209 — ——
1906———- 903 380 115 — ——
1907--— 101 27 15 — ——
1908===- 55 29 10 — ——
1910==== 412 203 68 27 149
1911emmmr 431 197 u7 — —
1913=== 600 228 11 ——— —
19 1lemee 600 280 42 ——— —
1915~aem 600 300 70 — ——
1917 = 560 280 50 — ———
1918=mm= 639 2u8 827 4,711 ——
1919=——= 2,813 270 784 —_— 1,616
1920=mmm 800 275 50 ——— —
1922-——- 3 2 —_— — —_
1923 === 5 6 1 — ——
1929=——- 9 4 y — —
1933=—— 3,425 31 7 16 213
1934 ewum 3,306 317 5 — ——
1935==— 502 209 114 310 ——
1936———- 2,231 326 94 — —_——
1937—mmm 13,354 923 275 —— 1,373
1938=——= 7,968 370 809 310 9,033
1939—=mm 3,170 655 307 25 6,724
1940——um 14,299 1,453 973 283 T,114
194 e 1,141 582 370 236 17,400
1942 249 o8 2 == =
Total-— 69,189 13,508 6,857 5,918 43,652
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As such, it hosts most of the known gold-quartz vein
deposits. These deposits are concentrated in a belt that
trends approximately N. 15°-20° E. and that spans the
Gold Basin and Lost Basin districts. The deposits are
found mostly in the western half of the Garnet Mountain
quadrangle (fig. 8). The remaining gold-quartz veins are
concentrated mostly in the southern part of the Gold Basin
district, east of the Cyclopic mine. The veins here are
hosted by gneissic granodiorite and porphyritic monzo-
granite of Garnet Mountain.

The Early Proterozoic gneiss, and here we paraphrase
Blacet’s (1975) descriptions for the most part, consists of
an assemblage of metasedimentary rocks, mostly quartzo-
feldspathic gneiss interlayered with subordinate cordierite
gneiss, biotite-garnet-sillimanite schist, and amphibolite.
Locally, dark-gray to black amphibolite forms a large part
of the gneiss unit, especially in the southern part of the
Lost Basin Range where the amphibolite sequence con-
sists of metagabbro, metadiabase, metaclinopyroxenite,
and metawehrlite. Generally, the amphibolite crops out
discontinuously in lensoid masses of various sizes. In addi-
tion, thin lenses of marble, calc-silicate gneiss, banded iron
formation, and metachert crop out sporadically within the
gneiss. All these metamorphic rocks have been deformed
intensely during several episodes of deformation in Early
Proterozoic time (Blacet, 1975). The presence of Paleozoic
rocks in the eastern part of the study area and their
absence in the western part results from regional down-
ward tilting to the northeast and consequent erosional
stripping of the Paleozoic rocks. As pointed out by
Lucchitta (1966), the tilt results from a belt of uplift south-
west of the present-day edge of the Colorado Plateau. This
uplift is presumably of early to middle Tertiary (or
Laramide) age and predated the basin-and-range rifting
in the area, exemplified by the Grand Wash fault zone.
Displacements along the Grand Wash fault zone are
estimated to range from 1,000 to more than 5,000 m
(Lucchitta, 1966). However, north of the Colorado River,
the Grand Wash fault zone apparently has displaced
6.9-Ma basalt by as much as 305 m (Hamblin, 1984). These
studies by Hamblin suggest that the eastern block(s) has
been elevated, whereas the western block(s) remained
relatively stationary.

East of the Lost Basin district, well-exposed Paleozoic
formations crop out at the base of the Grand Wash Cliffs,
near the east boundary of the Garnet Mountain quad-
rangle. These Cambrian formations include the conform-
able Tapeats Sandstone, Bright Angel Shale, and Muav
Limestone (Blacet, 1975). The Tapeats Sandstone rests
unconformably on the porphyritic monzogranite of Garnet
Mountain. All of these formations are included within the
Paleozoic undivided unit of figure 2.

An undeformed leucocratic two-mica monzogranite in-
trudes gneiss about 1.5 km north of the Cyclopic mine in
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the southern part of the Gold Basin district (fig. 2). The
two-mica monzogranite crops out across an area of about
4 to 5 km? and is Late Cretaceous in age (Blacet, 1972);
it includes some zones of episyenite, with minor aplite and
pegmatite. The two-mica monzogranite in the Gold Basin
district is part of the Wilderness “strato-tectonic”’ assem-
blage of Keith and Wilt (1985), which apparently makes
up the most widespread and most voluminous type of
magmatism during the Late Cretaceous and (or) early
Tertiary in Arizona (see also Keith, 1984).

Three types of lode gold deposits are known in the Gold
Basin-Lost Basin districts (Blacet, 1969, 1975). Most lode
gold deposits in the districts are present as veins, presum-
ably of Late Cretaceous age, and are localized along
preexisting structures in Early Proterozoic rocks. In addi-
tion, some of the gold-bearing quartz veins probably are
of Proterozoic age. A minor yet geologically significant
type of lode gold deposit in the Gold Basin district con-
sists of small masses of Late Cretaceous fluorite-bearing
episyenite containing macroscopically visible disseminated
gold (Blacet, 1969). Most likely, the emplacement of these
episyenite bodies is related genetically to the intrusion of
Late Cretaceous two-mica monzogranite. The third type
of lode gold deposit, exemplified by the Cyclopic mine,
consists of Late Cretaceous gold-quartz veins that may
have been originally deposited as cap-rock silica breccias
and then brecciated further as they were caught up along
a regionally extensive Miocene low-angle fault. This fault
crops out in the southern part of the Gold Basin district
and has been traced to the north along the west flank of
the White Hills (fig. 2).

The oldest Tertiary rocks in the general area of the
districts are volcanic rocks presumably equivalent to the
Tertiary Mount Davis Volcanics or Patsy Mine Volcanics
as mapped by Longwell (1963) and Anderson and others
(1972; unit Tv, fig. 2), rhyolitic tuffaceous sedimentary
rocks and fanglomerate (unit Ts), and Tertiary fanglomer-
ate (unit Tf). The volcanic rocks include mostly andesite.
Their base in the general area of the districts is not ex-
posed but instead is marked apparently by a low-angle
detachment surface. In the Eldorado Mountains, Nev.,
just west of the Colorado River and south-southwest of
Lake Mead, andesite and rhyolite lavas of the Patsy Mine
Volcanics are overlain successively by rhyolitic ash-flow
tuff of the tuff of Bridge Spring and by basaltic and
rhyodacitic lavas of the Mount Davis Volcanics (Ander-
son and others, 1972). A sequence of tuffaceous mudflows
and rhyolitic water-laid tuffaceous sedimentary rocks and
fanglomerate crops out near the south end of the Lost
Basin Range (fig. 2) and was mapped in detail by Dea-
derick (1980). This sequence is steeply dipping, is partly
bounded by north-striking faults on the west, and possibly
is equivalent in age to the Tertiary volcanic rocks; on the
east, the sequence is overlain unconformably by con-

glomerates belonging to the Muddy Creek Formation
(Blacet, 1975). In addition, Deaderick (1980) reported that
the mudflows and rhyolitic tuffaceous sedimentary rocks
locally are in depositional contact with Early Proterozoic
migmatitic gneiss and that the mudflows and tuffaceous
sedimentary rocks may be equivalent in age to the
Miocene Patsy Mine Volcanics (or formerly the Golden
Door Voleanics of Longwell, 1963). In the northwest cor-
ner of the study area (fig. 2), Tertiary fanglomerate (unit
Tf) apparently is intercalated with the Tertiary volcanic
rocks. These coarse fanglomeratic deposits locally include
landslide or mudflow breccia and are overlain unconform-
ably by younger fanglomeratic deposits (unit Tmf).
Although the stratigraphic nomenclature for nonmarine
Tertiary sedimentary rocks in the Lake Mead area has
been modified recently by Bohannon (1984), the nomen-
clature used for purposes of this report follows that of
Longwell (1936), Lucchitta (1966, 1972, 1979), Blacet
(1975), and Blair (1978). The Muddy Creek Formation of
Miocene age in the study area consists of conglomerate,
claystone, mudstone, and gypsum; basalt, possibly equiv-
alent to the Fortification Basalt Member of the Muddy
Creek Formation, at Senator Mountain and Iron Spring
Basin near the Grand Wash Cliffs; and an upper carbonate
member that has been called the Hualapai Limestone
Member. The conglomerate appears to have been
deposited in small basins and topographic lows in an en-
vironment of interior drainage. Small patches of landslide
or mudflow breccia containing Proterozoic clasts occur
within the fanglomerate of the Muddy Creek Formation
southeast of the Lost Basin Range. Stratigraphically,
much of the Fortification Basalt Member and the Hualapai
Limestone Member of the Muddy Creek Formation oc-
cupies approximately the same position near the top of
the section (Longwell, 1936; Lucchitta, 1979), although
Anderson (1977, 1978) shows lenses of the Fortification
Basalt Member cropping out throughout the entire se-
quence of the Muddy Creek Formation. The Hualapai
Limestone Member may have been deposited in a marine
environment (Blair, 1978; Blair and Armstrong, 1979),
although Lucchitta (1979) has reinterpreted Blair’s data
to suggest that the Hualapai Limestone Member was
deposited in saline lakes at or below sea level. Further,
the low contents of bromide, six to seven parts per million
in salt from the Muddy Creek Formation near Overton,
Nev. (85 km northwest of the study area), suggested to
Holser (1970) that these salts could have been derived
from evaporites on the Colorado Plateau. Nonetheless,
some paleontological and chemical evidence at least sug-
gests that the Hualapai Limestone Member may reflect
deposition at the north end of an extended embayment
of the Gulf of California beginning more than 8.9 Ma (Blair
and others, 1977) or 5 to 6 Ma according to Lucchitta
(1979). The type locality for the Hualapai Limestone
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Member is along Hualapai Wash, and the thickest part
of the limestone at the type locality is almost 300 m. Some
beds of this limestone cover the Grand Wash fault zone
near the base of the Grand Wash Cliffs where the Colo-
rado River emerges from the Grand Canyon (Longwell,
1936; Lucchitta, 1966). Thus, apparently no major move-
ment occurred along this fault zone after the last several
hundred meters of deposition of the Muddy Creek For-
mation. However, northwest of the Cyclopic mine, rocks
assigned to the Muddy Creek Formation apparently have
been faulted against Proterozoic metamorphic and ig-
neous rocks and the Late Cretaceous two-mica monzo-
granite along the regionally extensive low-angle Miocene
fault, which crops out there (fig. 2; see also Blacet,1975).
Exposures of the actual surface of this low-angle detach-
ment fault are extremely difficult to find. Locally, never-
theless, indurated conglomerate of the Muddy Creek
Formation containing boulders of coarse-grained por-
phyritic monzogranite of Garnet Mountain are faulted
against crushed migmatitic gneiss and crushed porphyritic
monzogranite of Garnet Mountain. This detachment fault
borders the White Hills along the entire west margin and
thus establishes an eastern leading edge for low-angle
detachment terranes in the Lake Mead area (see Ander-
son, 1971; Davis and others, 1979, fig. 1).

The overall tectonic history of this low-angle structure
is still poorly resolved. The detachment fault does not
appear, however, to be similar to dislocation surfaces
(decollement) immediately associated spatially with closely
underlying cordilleran metamorphic core complexes,
owing to the absence of pervasive penetrative linear struc-
tures associated with widespread mylonitic or cataclastic
fabrics (see Crittenden and others, 1980). The fabric of
the two-mica monzogranite is not mylonitic or cataclastic.
In addition, such core-complex-associated dislocation sur-
faces typically show an underlying microbreccia about 1 m
thick, which is in turn underlain by a zone of chlorite
breccia. Furthermore, the detachment fault, which crops
out along the west margin of the White Hills and at the
Cyclopic mine, must not reflect the eastern distal effect
of near-surface distension associated with the emplace-
ment of plutons coeval with the Miocene Mount Davis
Volcanics (see Anderson, 1971; Anderson and others,
1972). The detachment fault apparently is younger than
the Mount Davis Volcanics because it cuts rocks assigned
to the Muddy Creek Formation (fig. 2). The overall ex-
tension associated with this structure appears to have an
azimuthal bearing of approximately east-west based on
the roughly north-south trend of its trace along the west
flank of the White Hills. In the general area of the
Cyclopic mine, some sequences of fanglomerate assigned
to the Muddy Creek Formation crop out in the upper plate
of the detachment fault; however, as mapped, parts of the
Muddy Creek Formation apparently crop out also in the

lower plate of the detachment fault farther to the north-
west (fig. 2). Several splays of the detachment fault are
well exposed in the general area of the Cyclopic mine.
Some additional field relations along this fault are pro-
vided in the section “Veins Along the Miocene Detach-
ment Fault.” Nonetheless, the geologic relations shown
on figure 2 must be amplified by studies beyond the in-
tended scope of this present report. As pointed out by
Lucchitta (1979; written commun., 1983) only the lower-
most basin-fill deposits are substantially deformed and cut
by detachment-type faults elsewhere in the region. Rarely
in the region have such faults been reported to cut basin-
fill rocks of Muddy Creek age. To the west near the
Eldorado Mountains, south of Bouider City, Nev., Ander-
son (1971) provided some of the first comprehensive
descriptions of thin-skin Tertiary distension. There, along
the northwest flank of the Eldorado Mountains, some of
the flat-lying Muddy Creek Formation rests unconform-
ably across some of the listric normal faults. However,
just to the northeast of Boulder City, rocks of the Muddy
Creek are cut by a number of high-angle faults (Ander-
son, 1977), and the Muddy Creek Formation in the eastern
part of the Eldorado Mountains is involved significantly
in detachment-type faulting, particularly in its lowermost
sequences (Anderson, 1978).

Displacements along the low-angle fault may have
occurred in response to either of two other tectonic
phenomena. First, the low-angle displacements may
reflect the near-surface uplift of the White Hills associated
with strike-slip offsets along a southeast-striking fault
postulated to go through Lake Mead (Anderson, 1973, fig.
8), south of the Virgin Mountains. Second, the possibility
of local gravity sliding off the White Hills cannot be
discounted.

The next younger sequence of rocks in the Gold Basin-
Lost Basin districts includes some unconsolidated sedi-
ment (Blacet, 1975), but because of their patchy distribu-
tion, they are not shown as separate map units on the
geologic sketch map (fig. 2). Well-rounded cobbles and
gravels derived from the Colorado Plateau lie scattered
unconformably on the Hualapai Limestone Member and
some ridges of the Muddy Creek Formation. These cob-
bles and gravels probably represent Pliocene high-level
remnants of the ancestral Colorado River (Lucchitta,
1966).

Some late Tertiary gravels are present as dissected
alluvial fan remnants along Grapevine Wash at the base
of the Grand Wash Cliffs and are included with the
Quaternary sedimentary deposits of figure 2 (unit Qs).

The Grand Wash fault zone near the base of the Grand
Wash Cliffs has had a profound impact on the overall
geomorphic evolution of the region. However, any viable
regional interpretation must include the critical geologic
relations mapped by Blacet (1975) at the Lost Basin
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Range, approximately 10 km west of the Grand Wash
Cliffs and almost at the very center of the Garnet
Mountain quadrangle. Our hypotheses of the geologic-
geomorphic history of the region during the past 18 to
15 m.y. is shown schematically, in an east-west cross
section (fig. 3). Inferred structural relations are shown
extending from the ancestral highland of the White Hills-
southern Virgin Mountains on the west, through the rocks
of the Lost Basin Range, and finally to the Grand Wash
Cliffs on the east.

Prolonged but episodic regional extensional tectonism
in the late Tertiary seems to have affected the predom-
inantly Early Proterozoic crystalline terrane of the
districts, and this in turn apparently contributed toward
the eventual distribution of the productive placer gold
deposits. The development of the relatively deep middle
to late Tertiary basin along the Grand Wash fault zone
was apparently controlled primarily by regional east-west
extension (fig. 34; Lucchitta, 1966). This extension must
also be reflected in the low-angle detachment surfaces at
the base of the volcanic rocks possibly equivalent in age
to the Mount Davis Volcanics and through the general
area of the Cyclopic mine workings and along the west
margin of the White Hills, described previously (fig. 2).
Sediment was shed into the basin along the Grand Wash
trough mostly from a highland at the ancestral White Hills
and southern Virgin Mountains as suggested previously
by Longwell (1936) and Lucchitta (1966). Sometime after
deposition of the lowermost sequences of tuffaceous gold-
poor fanglomerate belonging to the Muddy Creek Forma-
tion into the basin, local tilting toward the east in response
to movements along the Grand Wash fault zone may have
occurred during the late Tertiary in the general area of
the Lost Basin Range to yield the steeply dipping and
partly overturned sequence of mudflows and rhyolitic tuf-
faceous sedimentary rocks (fig. 3B). Early Proterozoic
gneiss, migmatitic gneiss, feldspathic gneiss, and amphib-
olite in turn may have been faulted against this sequence
of steeply dipping and locally overturned mudflows and
rhyolitic tuffaceous sedimentary rocks and fanglomerate
(fig. 2, unit Ts; see also Deaderick, 1980, pl. 1). Such late
Tertiary faulting must have been a near-surface phenom-
enon and contributed to the development of low hills at
and ancestral to the present-day Lost Basin Range. Con-
tinued east-west extension is reflected by steeply west dip-
ping normal faults (west side down) along both the east
and west range fronts of the Lost Basin Range. These
north-south normal faults seem to reflect a westward
migration in extensional phenomena away from the Grand
Wash fault zone (see Longwell, 1936; Lucchitta, 1966).
Some of the past major normal displacements here were
concentrated along the Hualapai Valley fault and predated
deposition of the nearby Hualapai Limestone Member.

The initiation of block faulting at the Lost Basin Range
probably occurred at nearly the same time as deposition

of nontuffaceous locally derived gold-bearing gravels of
late Muddy Creek age. These gravels, which contain gold
in noneconomic concentrations, most likely were derived
in part from the now-eroded upper portions of veins ex-
posed along Lost Basin Range and uplifted possibly as a
result of faulting during the late Tertiary. However, con-
tinued movements along the normal fault inferred to
bound Lost Basin Range immediately on the west,
together with the deep post-Muddy Creek erosion just to
the west of Lost Basin Range led to the relative uplifting
of the gold-bearing gravels at the leading edge of Grape-
vine Mesa and the reworking of these gravels during the
Quaternary into important placer deposits (Lone Jack
placers, SW¥% sec. 15, T. 29 N., R. 17 W.). These gold-
bearing placers are now perched approximately 500 m
above the main drainage of Hualapai Wash, about 5 km
to the west.

The relations between the detachment fault, which
crops out just east and southeast of Senator Mountain and
along the west margin of the White Hills (fig. 2), and the
Lost Basin Range are difficult to resolve. The detachment
fault probably continues to the southeast from the area
of the Cyclopic mine, where it last crops out before being
covered by Quaternary gravels (P.M. Blacet, unpub. data,
1967-72). The trace of the detachment fault probably lies
to the east of Table Mountain Plateau, approximately 10
km to the southeast of the Cyclopic mine area.

K-AR CHRONOLOGY OF MINERALIZATION
AND IGNEOUS ACTIVITY

By Epwin H. McKEE

A total of 11 samples were dated by the K-Ar method.
These samples include 10 purified mineral separates (eight
white mica, one biotite, and one sanidine) and one whole-
rock sample (table 3). Sample preparation and argon and
potassium analyses were done in the U.S. Geological
Survey laboratories, Menlo Park, Calif. Potassium anal-
yses were performed by a lithium metaborate flux fusion-
flame-photometry technique, and argon analyses were
performed by standard isotope-dilution procedures. Nine
of the samples were analyzed using a 60° sector 15.2-cm-
radius Neir-type! mass spectrometer operated in the static
mode in which six manual scans of 40Ar, 38Ar, 36Ar peaks
were made during a time interval of about 10 minutes.
Two samples (table 3, samples 837, 999) were analyzed
on a five-collector, first-order, direction-focusing, 22.9-cm-
radius mass spectrometer controlled by a PDP8/3 mini-
computer that takes peak heights simultaneously from the

!Any use of trade names and trademarks in this publication is for descriptive
purposes only and does not constitute endorsement by the U.S. Geological
Survey.
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three argon collectors. The constants used in age calcula-
tions are:

A.=0.581x10-10/yr, 5=4.963x10~10/yr, and
40K /Ktota1=1.167x 10~ 4 mole/mole.

The precision or analytical reproducibility reported as
a + value is at 0.In a general way, it reflects the relative
amount of 40Ar,.q to 40Ari,), the higher percent of
40Ar,,4 the smaller the +. The + value is determined by
assessment of the various analytical procedures, including
flame-photometer and spectrometer reproducibility and
standard and argon tracer calibration. The precision of
the eight ages reported ranges from 0.7 to 6.5 percent
of the calculated age.

CRETACEOUS PLUTONIC ROCKS

Several small two-mica leucocratic monzogranite plu-
tons crop out in the southwestern part of the study area
(fig. 2). Muscovite from a sample of one of these bodies
about 2 km north of the Cyclopic mine was dated at

72.0+ 2.1 Ma, which is Late Cretaceous (Laramide) and

15

typical of many granitic rocks in central and western
Arizona.

Biotite from a sample of Proterozoic gneiss from about
2 km east of this pluton was dated to see what effect, if
any, the Cretaceous plutons have had on surrounding
rocks. A number of dikes of presumed and (or) known
Cretaceous age intrude the gneiss and much or most of
the hydrothermal alteration and mineralization is also of
Cretaceous age. Radiogenic 40Ar in biotite in the gneiss,
which is easily lost at moderately low temperatures, would
hopefully reflect the extent of pervasive regional heating
during the Late Cretaceous. The biotite yielded an age
of 76.3 + 3.0 Ma, which is very near that of the pluton and
substantiates the widespread character of the Laramide
event.

CRETACEOUS VEINS

Three quartz-muscovite veins were sampled for age
determination. Two of the veins cut granitic rocks known
or assumed to be Late Cretaceous in age, and one cuts
gneissic rocks of Proterozoic age. Sample 923 (table 3)

TABLE 3.—K-Ar analytical data and ages

Sample Mineral K50 uo%rrad 40y, rad Apparent age
and location Unit name dated percent 107 1mol/g percent (Ma)
733C Basalt flow in Muddy Creek Whole=-rock 1.045 1.6619 17.1 10.920.6
35259'5u" Formation basalt 1.067
11417 40"
T728A Air-fall tuff Sanidine 8.48 11.9251 77.2 15.4£0.2
35252'00"
114~07 '00"
837 Quartz-muscovite~fluorite- Muscovite 10.75 103.001 21.1 65.412.6
35246' oo" pyrite vein
114714 00"
2784 Quartz vein containing Muscovite 10.95 108.991 79.4 67.8£2.0
35253'15“ hydrothermal muscovite
114°08' 04"
923 Muscovite from quartz- Muscovite 10.73 108.465 88.5 68.8+1.8
35981201 muscovite-fluorite-pyrite 10.75
114915115 vein cutting two-mica
monzogranite
884 Two-mica monzogranite Muscovite 10,67 112.823 76.9 72.0£2.1
352"8'22”
114715715
999 Gneissic granodiorite Biotite 9.06 101.666 85.1 76.3£3.0
352u8'03"
114712 44"
T9GM8b Episyenitic alteration Sericite 11.64 220,225 90.8 126.9+£3.8
352”6'42" pipe, gold-bearing
11471107
T9GM8b Episyenitic alteration Sericite 11.64 226.550 87.8 130.3x3.9
352u6'u2" pipe, gold-bearing
114511007
°735 Secondary mica in quartz Muscovite 10.62 1.33U2x10'8 98.0 712£5.0
35058'45“
114715 42"
735=-1 Secondary mica in quartz Muscovite 10.67 1.6007x10'8 95.0 82216.0
35958 1u5n

114°151 420
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cuts the leucocratic monzogranite dated at 72.0+2.1
Ma—it yielded an age of 68.8 + 1.8 Ma, which is the same
as the pluton (within the overlap of the + values). The
second vein in granitic rock is 4 km southeast of the dated
pluton and vein described above. Its K-Ar age is 65.4 + 2.6
Ma, the same, considering the analytical precision, as the
first vein.

Both veins contain fluorite and pyrite as well as white
mica and quartz as major components. Gold in trace
amounts is also present in the veins and is the metal most
sought after in the numerous prospects and small aban-
doned mines throughout the area. On the basis of these
age determinations, mineralization is considered to be
Late Cretaceous in age and to be a late stage of the period
of Laramide plutonism prevalent throughout the Basin
and Range region of Arizona.

The third dated vein (sample 287A) cuts Proterozoic
gneiss about 1 km east of the Bluebird mine in the center
of the study area. Hand samples of this vein contain what
appears to be hydrothermal white mica along with trace
amounts of gold. The white mica yields a K-Ar age of
67.8+2.0 Ma and is within the age span of the two veins
reported above and about the same as the age of primary
muscovite from the leucocratic monzogranite. This age
substantiates the thesis that Laramide igneous activity
was associated with significant gold mineralization
throughout the Gold Basin-Lost Basin area, approximate-
ly at the same time as the widespread Laramide porphyry
copper deposits formed elsewhere in the Southwest.

Two ages were determined on fine muscovite from a
gold-bearing episyenitic alteration pipe in Proterozoic
biotite monzogranite about 5 km southeast of the dated
Late Cretaceous two-mica leucocratic pluton. This altera-
tion pipe is in the same general area as the dated Late
Cretaceous veins, and its mineral assemblage and geologic
setting suggest that it is related to and probably the same
age as the other veins in the area. The ages from this pipe
are 126.9 + 3.8 and 130.3 +3.9 Ma, or twice as old as ex-
pected. If the pipe is Late Cretaceous, as field evidence
indicates, some type of contamination has affected the
sample. Two possibilities that seem most likely include:
Excess radiogenic Ar picked up by hydrothermal solutions
passing through the surrounding Proterozoic rocks was
incorporated into the hydrothermal-vein sericite during
its formation, or mineral contamination was caused by in-
clusion of some Proterozoic muscovite or feldspar from
the host gneiss during collection of the vein sample. From
the data available, the mechanism that accounts for the
anomalously old age of the pipe’s muscovite is impossible
to verify.

PROTEROZOIC(?) VEIN

Two samples of secondary coarse-grained hydrothermal
white mica from a gold-bearing quartz vein about 3 km
southwest of Salt Spring Bay on Lake Mead (15 km north

of the study area) were dated. The vein, which cuts Pro-
terozoic gneiss, looks like the other veins in the region,
some of which yielded Late Cretaceous or Laramide ages.
This vein was thought to be Laramide in age as well;
however, the apparent ages are discordant—712+5 and
822 + 6 Ma. Interpretation of these values is difficult. Pro-
terozoic gneiss of similar appearance as the host rock of
the vein described here is intruded by porphyritic monzo-
granite that was dated by Rb-Sr methods (a well-defined
isochron) at 1,660 Ma (Wasserburg and Lanphere, 1965,
p. 746 and fig. 4). This age is similar to many ages of Pro-
terozoie rocks in central and western Arizona and is con-
sidered an established age for major regional igneous
events in this region (Silver, 1964, 1966, 1967; Ludwig,
1973). The discordant K-Ar ages on the vein white mica
could represent partial and different amounts of argon
loss from a Proterozoic vein related either to the wide-
spread 1,660-Ma event or a less well documented gold
mineralization event at 1,440 Ma. The partial argon loss
and accompanying partial resetting of the so-called K-Ar
clock may have been caused by slight heating during the
Late Cretaceous or early Tertiary Laramide event docu-
mented elsewhere in the area. If the rocks near the vein
were not heated sufficiently to release all the radiogenic-
ally produced 40Ar, the age would be some indeter-
minable amount less than the original 1,660-Ma age—the
711 and 822 Ma determined here. Alternatively, the par-
tial argon loss could also represent small but continuous
argon diffusion from the white mica caused by general
regional geothermal elevation throughout the past 1,660
m.y. In either case a reset age that does not record the
time of any single event is the result. The vein was
assumed to be about the same age as the dated gneiss,
or approximately 1,660 Ma.

The possibility exists that the white mica mineral sep-
arate from the vein contained a small amount of Protero-
zoic muscovite from the enclosing host gneiss. A small and
different amount of 1,660-Ma contaminant muscovite with
a larger amount of Late Cretaceous vein white mica could
cause the two aberrant ages. The possibility of this mech-
anism causing the 711- and 822-Ma ages is impossible to
evaluate. Assumedly, the ages do not represent the time
of vein emplacement. We believe, however, that the over-
whelming bulk of the white mica composing these two
mineral separates dated by the K-Ar method crystallized
during the vein’s emplacement.

Textural relations between white mica and vein quartz
from the sample site at locality 735, yielding the 711- and
822-Ma ages, were studied using the scanning electron
microscope (SEM; fig. 4). These studies strongly suggest
that the white mica there composing the dated samples
is secondary. An initially unknown 1.5-um-long bladed
mineral (fig. 44) was chemically verified by its SEM X-ray
spectra as having the same overall proportions of alum-
inum, silicon, potassium, and iron as a known muscovite
standard (compare fig. 4B and C). In addition, some of
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phyllonitic schist, calcite is a conspicuous relict from the
earlier biotite-stable metamorphic event, and it shows
mostly an intensification of its dimensional orientation
wherein the short axes of the calcite grains are transverse
to the trace of the foliation. A chemical analysis of a sam-
ple of heavily retrograded biotite-carbonate schist shows
a very low NagO content of 0.1 weight percent, a COq
content of 3.1 weight percent, and a relatively high TiO»
content of 1.9 weight percent (table 4, analysis 1).

TOURMALINE SCHIST AND GNEISS

Tourmaline, a complex boron-bearing silicate typically
containing 8 to 10 weight percent BoO3 (Deer and others,
1962a), is present in significant concentrations at several
localities in the gneiss terrane. However, within most of
the gneiss, tourmaline is a relatively sparse mineral that
crystallized during the early metamorphism of the area.
In those rocks containing tourmaline in relatively abun-
dant concentrations of perhaps as much as 30 volume per-
cent, the prismatic crystals of tourmaline show a very
strong preferred orientation that defines the metamor-
phic foliation or s surface. Generally, the known tour-
maline schists or tourmalinites form zones that may be
several centimeters thick, mostly in sequences of quartzo-
feldspathic gneiss. Many of these zones show well-
developed, small-scale, composite folds that reflect a
combination of shear along an axial-plane cleavage and
buckling due to lateral compression (fig. 104). In such
folded rocks, the leucocratic layers include mostly quartz,
muscovite, tourmaline, and sparse oligoclase. These
leucocratic layers show a more ductile behavior during
deformation than the dark, tourmaline-rich layers. Under
the microscope, the tourmaline-rich layers are composed
of aggregates of fine-grained crystals that measure ap-
proximately 0.1 mm across their basal sections. The tour-
maline is strongly pleochroic from very pale light olive
gray to dark greenish blue. Such a pleochroic scheme sug-
gests that the tourmaline in these rocks is the iron-
containing variety known as schorl (Deer and others,
1962a). However, the identification of the compositional
variety of tourmaline primarily by color may be mislead-
ing (Jones, 1979). In addition, tourmaline in these rocks
shows apparently stable compatabilities with a broad spec-
trum of the characteristic minerals used typically as zonal
indicators in pelitic metamorphic terranes. As described
above, it is present in sparse concentrations with prograde
quartz-muscovite-biotite assemblages. Tourmaline is also
present in epidote-quartz-microcline-muscovite-plagio-
clase-opaque mineral assemblages that compose the wispy
banded layers within quartzitic sequences of the gneiss.
Tourmaline is also abundant in somewhat higher grade
schists containing a muscovite-biotite-almandine(?) garnet-
quartz-sparse potassium feldspar assemblage. The tex-

tural relations and crystal forms of the garnets in this
assemblage suggest they are in their initial stages of
crystallization (fig. 10B). Some quartz-kyanite clots in the
metamorphic rocks, which will be discussed fully in a
following section describing kyanite relations, also con-
tain tourmaline. However, tourmaline was not found to
be associated with sillimanite, cordierite, or staurolite.
Nonetheless, it has been reported to occur with staurolite
in mica schist of the Alto Aldige region, Italy (Gregnanin
and Picciriilo, 1969), with garnet and staurolite in the
eastern Alps, Austria (Ackermand and Morteani, 1977),
with staurolite and sillimanite in metamorphie rocks of
the Kamchatka Peninsula, U.S.S.R. (Lebedev and others,
1967), and with staurolite and kyanite in the Black Moun-
tain area, New Hampshire (Rumble, 1978). A tourmaline-
quartz association is also present in some rocks of the
Early Proterozoic Yavapai Series (Anderson and others,
1971) of the Jerome, Ariz., area (S.C. Creasey, oral
commun., 1979), and tourmaline is a common accessory
in amphibolite-facies micaceous and quartzofeldspathic
schist of the Early Proterozoic Vishnu Complex in the
Grand Canyon (Brown and others, 1979).

Experimental studies further substantiate the wide-
ranging, pressure-temperature stability of tourmaline.
Reynolds (1965) showed that a marked redistribution of
boron occurs at metamorphic conditions near the green-
schist facies. He concluded that boron typically is expelled
from a boron-bearing, 1 Md lattice of illite in sedimentary
rocks when recrystallized during metamorphism to the
2 M polymorph and that the expelled boron is fixed finally
in tourmaline. However, the extremely high concentra-
tions of boron required locally by these stratiform occur-
rences of tourmaline schist (fig. 10A4), or tourmalinite in
the usage of Nicholson (1980), indicate that boron-bearing
clays could not have been the primary source of boron here
(see Ethier and Campbell, 1977). Further, the tourmaline
in the tourmaline schist obviously reflects recrystalliza-
tion dating from the prograde metamorphism of the area.
Although detrital tourmaline grains commonly act as
nucleii for any newly crystallized tourmaline, careful
petrographic examination of these tourmaline-bearing
rocks revealed that the tourmaline does not now show
overgrowths, broken crystals, or any variably rounded
crystal forms. Thus, the tourmaline-bearing biotite-stable
schists in the Gold Basin-Lost Basin districts are well
beyond the lower stability limit of tourmaline. At the high
metamorphic end of the spectrum, the experimental
studies of Robbins and Yoder (1962) in the system dravite-
Hy0 suggest temperatures greater than 800 °C at pres-
sures (Pp,0) greater than 50 MPa are needed to decom-
pose dravite, the Fe-free Mg-bearing tourmaline, into
mostly cordierite bearing assemblages.

The provenance of the protolith and the overall petro-
genesis of the tourmaline schist remain nonetheless
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TABLE 4.—Chemical analyses of selected schist and gneiss from the Gold Basin-Lost Basin mining districts compared with analyses of slate, argillite,
shale, graywacke, and arkose

[Chemical analyes by rapid-rock methods; analysts, P.L.D. Elmore and S. Botts. Methods used are those described by Shapiro (1967). Spectrographic analyses by Chris Heropoulos. Results
are identified with geometric brackets whose boundaries are 1.2, 0.83, 0.56, 0.38, 0.26, 0.18, 0.12, and so forth, but are reported arbitrarily as midpoints of these brackets, 1, 0.7, 0.5,

0.3, 0.2, 0.15, 0.1, and so forth. The precision of a reported value is approximately &us

for but not found: Ag, As, Au, B, Be, Bi, Cd, Mo, Pd, Pt, Sb, Sn, Te, V, W, Zn,

or minus one bracket at 68-percent confidence or two brackets at 95-percent confidence. Looked
Hf, In, Li, Re, Ta, Th, Tl, Eu; ---, not detected; N.D., not determined; Tr, trace]

Analysis —me——— 1 2 3 4
Sample —=—-=-=-- GM-339 GM-555 GM-312b  GM-255

5 6 7 8 9 10 1
GM-295 GM-U98

Chemical analyses (weight percent)

R 50.9 66.8 76.3 75.4 75.0 72.3 60.6 66.9 60.2 66.7 771

Aly0g =mmmmmmee 13.6 17 12.3 12.4 12.7 14 17.3 15.4 16.4 13.5 8.7

Fes03 =mmmmmm-m- 3.4 1.2 1 1.6 1.7 2.8 2.3 2.8 4 1.6 1.5

F —————————— 104 4.4 .68 1.9 1.7 2.2 3.7 1.9 2.9 3.5 7

110 [ —— 5 1.7 .6 1.7 4 .7 2.6 2.4 2.3 2.1 .5

Ca0 =mem—memm — 5.7 .90 3.3 2.1 3 4.3 1.5 .34 1.4 2.5 2.7

| CY o . o1 1.4 3 2.7 3 3 1.2 1.2 1 2.9 1.5

Ky0 mmmmmmme e 2.4 y 1.3 1.3 1 .7 3.7 6.6 3.6 2 2.8

Ho04 mmmmmmmen 3.4 1.8 .87 .98 1 1.1 3.5 1.4 3.8 2.4 .9

Hp0m wmmmmmmee .05 .08 .02 .02 .05 .04 .62 .00 .89 .6 N.D.

TI0p ===-e-m=m= 1.9 .TH .08 .13 .12 .01 .73 A7 .76 .6 .3

Py0p mmmmmmeman .2 .05 .00 .01 .0U .07 N.D. .23 .15 .2 .1

| 210 R — .06 .12 .02 .06 .09 .06 N.D. .05 Tr .1 .2

P 3.1 <.05 .05 .05 .15 .05 1.5 .28 1.5 1.2 3
Total =m===== 100 100 100 100 100 101 99 100 99 100 100

Semiquantitative spectrographic analyses (weight percent)

Ba wmeeeeee e 0.05 0.15 0.1 0.07 0.1 0.07

oF R — .005 .0015 — .0005 .0003 .001

Cr mme——emaeae .007 .007 — .0002 .0002 .0005

[0 .005 .001 .0001 .001 .0005 .0005

I — — .007 ——— ——— — —

£ Y ——— .001 — —_— — — —

1] S — .001 .0015 -— —— -—— —

L .005 .003 —— .0002 — .0003

Y —— — _— .0015 .001 .0007 —

Y .005 .0015 .001 .001 .001 .002

(] S ——— .02 .02 .03 .015 .03 .05

V e .05 .007 — .0007 .002 .0005

Y e .002 .003 .0015 .001 —_— .0015

YA .007 .02 .007 .007 .01 .003

o R ——— _— .02 _— _— — ——

¢ — .003 .003 .0015 .001 .001 .0015

) (- ——— .0003 .0003 .0002 .0001 .0001 .0002

1. Highly retrograded biotite-carbonate-chlorite-white mica-epidote schist (unit Xgn, of fig. 2); NE1/4

see, 7, T. 29 N., R. 17 W.

2. Schist showing an assemblage of biotite, chlorite, white mica, clinozoisite, and quartz superposed on an
earlier garnet-bearing one (unit Xgn); UTM, 753,600 m E., 3,987,050 m N.

3. Quartz-rich quartzofeldspathic gneiss (unit Xgn); NE1/4 sec. 19, T. 29 N., R. 17 W,

4, Quartzofeldspathic gneiss (unit Xgn); SW1/4 sec. 20, T. 29 N., R. 17 W,

5. AQuartzofeldspathic gneiss (unit Xgn); SE1/4 sec., 17, T. 29 N., R. 17 W.

6. Quartzofeldspathic gneiss (unit Xgn); NE1/4 sec. 33, T. 30 N., R. 17 W.

7. Average of 16 analyses of slate (Pettijohn, 1949, p. 344).

8. Argillite, Precambrian Fern Creek Formation, Dickinson County, Mich. (Pettijohn, 1949, p. 345).

9. Composite sample of 51 Paleozoic shales (Clarke, 1924, p. 552).

10. Mean composition of 61 analyses of graywacke (Pettijohn, 1963, table 12). Also includes 0.3 weight percent

S04, 0.7 S and 0.1 C.

11, Mean composition of 32 analyses of arkose (Pettijohn, 1963, table 12).

problematical, especially the rocks that are rich in quartz.
In these rocks, tourmaline and quartz form the predomi-
nant mineral association, a common association as noted
above. Elsewhere, quartz-tourmaline clasts are present
in the Late Proterozoic Torridonian Group of northwest
Scotland (Allen and others, 1974). These authors infer

such rocks to be derived from contact aureoles of high-
level granites in the source area of the Torridonian Group.
Rarely, however, quartz has been reported to be found
also as a replacement of tourmaline (McCurry, 1971). The
provenance of the tourmaline-quartz schist in the Gold
Basin-Lost Basin districts appears to be different in that
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place the triple point in the system AlpO3-SiOg-H50 at ap-
proximately 370 Mpa and 500 °C, or close to the 510 °C
and 400 MPa coordinates of the triple point proposed by
Newton (1966) and Holdaway (1971). We cannot ascer-
tain how far beyond the kyanite-sillimanite transition the
kyanite initially crystallized. However, this crystallization
may not have been far from the transition, because
kyanite was found to occur only sparingly, although
unknown amounts of kyanite may have been destroyed
during the widespread retrograde metamorphism of the
area. Further, Kepezhinskas and Khlestov (1977) cau-
tioned that the boundaries of the PT stability regions of
naturally occurring aluminosilicates may in fact be not so
well defined. They envision the boundaries to contain a
field in PT space rather than a line. Nonetheless, the
overall transition from kyanite to sillimanite must reflect
an increase in the geothermal gradient that created the
regional metamorphic maximum for the area. Assem-
blages of Fe-Mg cordierite that include potassium feldspar
and that oceurred at PT conditions of muscovite-quartz
instability define extremely wide ranging stability fields
that also are a function of Py,o (Holdaway and Lee,
1977). Holdaway and Lee (1977) showed that under such
conditions and at Py,0 = Pyt but still below the granite
solidus, Mg cordierite +potassium feldspar +vapor is
stable to a maximum pressure of about 500 MPa whereas
at Py,0 = 0.4 Py, this assemblage is stable to about
600 MPa. These pressures are probably reasonable upper
pressure limits to the cordierite- and sillimanite-bearing
assemblages created during the prograde Early Pro-
terozoic regional metamorphic event in the districts. Last,
the absence of hypersthene from the cordierite-bearing
assemblages suggests that the upper-temperature stabil-
ity limit of cordierite here did not exceed a biotite + quartz
breakdown reaction (see Hess, 1969).

Al,04

Almandine

FeO

Microcline

A

Al,04

‘ Cordierite
/ Almandine
Mgo FeO

Orthoclase

QUARTZOFELDSPATHIC GNEISS

Epiclastic rocks, best termed quartzofeldspathic gneiss,
are probably the most common rock type in the mapped
Early Proterozoic gneiss. However, quartzofeldspathic
gneiss typically does not make up extensive monolitho-
logic sequences of gneiss throughout the unit. Instead, the
quartzofeldspathic gneiss is interlayered with many other
lithologies, including amphibolite and marble. Locally, thin
layers of quartzofeldspathic gneiss are present within
larger masses of amphibolite; some of these masses of am-
phibolite are large enough to be shown as separate map
units (see Blacet, 1975), and others are included within
the rocks mapped as paragneiss by him. In the amphib-
olite, the quartzofeldspathic gneiss ranges from sharply
defined layers a few millimeters to as much as 20 em thick.
However, either of these rocks, quartzofeldspathic gneiss
or amphibolite, locally may grade into the other by in-
terbedding across an interval of 2 to 3 m. In fact, quartzo-
feldspathic gneiss and amphibolite together impart a
banded aspect to many outcrops within the gneiss unit.
These outcrops may be nearly homoclinal sequences of
rock, or they may be complexly isoclinally folded at the
outerop scale. In addition, some of the thicker sequences
of quartzofeldspathic gneiss show sporadic pegmatoid
clots, inferred to be ‘“sweatouts,” that formed during the
peak of prograde regional metamorphism. These clots con-
sist of, in decreasing abundance, feldspar, quartz, and
biotite, and they show gradational boundaries with the
surrounding more uniformly sized quartzofeldspathic
gneiss. Further, layering throughout the quartzofelds-
pathic gneiss provided the local structural controls that
determined the attitude and geometry of subsequently in-
troduced quartz + sulfide lenses and (or) veins that will be
discussed in the section “Gold Deposits and Occurrences.”

Al,O5
Sillimanite

Sillimanite

Orthoclase

B

F1GURE 15.—~Thompson (1957) projected AFM diagrams for medium-pressure progressive metamorphism. Small dots at Al,03 (A), FeO (F), and
MgO (M). Large dots, assemblages observed in metamorphic rocks from Gold Basin-Lost Basin districts. A, Kyanite zone. B, Sillimanite zone.
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By using a microscope, visual estimates of represen-
tative samples of quartzofeldspathic gneiss reveal that
many samples may have consisted of mostly quartz and
oligoclase prior to metamorphism. Polycrystalline quartz
grains that are round to subround are fairly common in
the size range 0.1 to 0.4 mm. These relations suggest that
the protolith of the quartzofeldspathic gneiss consisted
of fine-grained arkosic to possibly subarkosic sandstone,
on the basis of the classification of McBride (1963). We
have not recognized any lithic fragments in the samples
studied. The polycrystalline quartz grains show very com-
plex sutured intragranular crystal boundaries for the most
part, but many grains have retained their overall sub-
rounded to well-rounded detrital outlines through the
superposed metamorphic events. Although oligoclase was
probably the predominant feldspar in most samples prior
to metamorphism, it now has been replaced variably in
most samples by a very finely crystallized shreddy aggre-
gate of white mica, chlorite, actinolite, sphene (trace), and
opaque minerals (including some ilmenite), with or without
epidote-clinozoisite, calcite, and albite. This assemblage
of minerals, predominantly reflecting the retrograde

800 |-

600 -

Kyanite

400 |-

Sillimanite

PRESSURE, IN MEGAPASCALS

200

1
800

600

TEMPERATURE, IN DEGREES CELSIUS

FIGURE 16.—Equilibrium curves generated from thermodynamic data
by Helgeson and others (1978) in system Al,03-Si0,-H,0 at high
pressures and temperatures. Dashed lines indicate metastable pro-
jections of equilibrium curves.

metamorphic event, is also present as a matrix which sup-
ports the quartz and feldspar framework minerals.
However, the intense development of retrograde assem-
blages in the plagioclase feldspars and matrix generally
obscures significantly the premetamorphic textural rela-
tions in the rocks between framework feldspars and
matrix. In fact, the matrix may have consisted of very
fine granules of plagioclase, including varying amounts
of diagenetic phyllosilicate minerals and minor amounts
of calcite cement. Although relict oligoclase grains are the
only recognizable feldspar in many samples of the quartzo-
feldspathic gneiss, overall plagioclase to potassium feld-
spar ratios are inferred to have varied highly prior to
metamorphism. Some samples contain oligoclase to potas-
sium feldspar ratios of approximately 10 to 1. The potas-
sium feldspar, including both perthite and locally abun-
dant microcline, typically has not been replaced by mineral
assemblages diagnostic of the retrograde event. Heavy
minerals in the quartzofeldspathic gneiss include 0.01- to
0.05-mm-wide subrounded prisms to well-rounded ellip-
soids of zircon and, less commonly, sphene and apatite.

Chemical analyses of four samples of quartzofeldspathic
gneiss (table 4, analyses 3-6) reveal compositions most
similar to published analyses of eugeoclinal sandstone or
graywacke. The content of SiOg in these analyzed sam-
ples of quartzofeldspathic gneiss ranges from 72.3 to 76.3
weight percent, only slightly higher than the 71 weight
percent geometric mean determined for the eugeosyn-
clinal graywackes by Middleton (1960). However, the
mean SiO, content of 61 graywackes (table 4, analysis 10)
compiled by Pettijohn (1963) is 66.7 weight percent. Fur-
ther, the analyses of quartzofeldspathic gneiss show low
K50 to NayO ratios that range from 0.23 to 0.48 (table
4). Such low ratios are a feature common to graywackes
(Middleton, 1960; Pettijohn, 1963, fig. 2), but they are
somewhat lower than the 0.69 ratio of K20 to NagO in
the average graywacke (table 4, analysis 10), and signif-
icantly lower than the 1.9 ratio in the average arkose
(table 4, analysis 11). The low ratios of less than one con-
firm our petrographic estimates for the overall low ratio
of potassium feldspar to plagioclase in the detrital frame-
work minerals. In addition, the content of AlpOg in these
rocks ranges from 12.3 to 14.0 weight percent, which is
close to the mean value of 13.5 (Pettijohn, 1963) but is
significantly higher than the 8.7 weight percent mean
Al,03 content of arkose (table 4, analysis 11). The con-
tents of Ca0 in the four rocks range from 2.1 to 4.3 weight
percent; thus they are not much different from the 2.5
and 2.7 weight percent content of CaO in the average
graywacke and arkose. Such contents of CaO in the four
samples of quartzofeldspathic gneiss are somewhat higher
than the contents of CaO reported for the Early Pro-
terozoic Vishnu Complex by Brown and others (1979; fig.
17). MgO in the quartzofeldspathic gneiss analyzed ranges
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The protolith for many individual outcrops of am-
phibolite or cluster of outcrops can be ascertained primar-
ily using relict textures or geologic field relations with
other lithologies of known provenance. In addition, we
have supplemented and refined these observations by
extensive microscopic examination of thin sections of am-
phibolite and chemical analyses of a few selected samples
of amphibolite in this report and reported elsewhere (Page
and others, 1986). However, some of the amphibolite
exposed in the districts cannot be classified as to protolith
because of the absence of diagnostic macroscopic,
microscopic, or chemical criteria. Locally, amphibolite in
the gneiss derived from a sedimentary protolith includes
relict beds which consist of calc-silicate minerals and
marble and is finer grained than amphibolite derived from
igneous rocks. Some of these beds reach a maximum
thickness of about 30 ¢cm along a continuously exposed
strike length of about 15 m. The calc-silicate beds are con-
formable with the layering in the adjoining amphibolite,
and in places they neck down to about 2.5 cm or less. The
delicate interlayering of many amphibolite layers with
quartzofeldspathic beds a few millimeters to approximate-
ly 20 em thick is additional evidence for a sedimentary
origin. This evidence for a sedimentary protolith for some
amphibolite in the gneiss is especially convincing if we
recall from our descriptions above that the quartzofelds-
pathic gneiss shows abundant textural and chemical
evidence for a sedimentary protolith. Lastly, we will show
below that many hornblende crystals in this type of am-
phibolite have trapped well-rounded to ovoid grains of
quartz that obviously had been through a sedimentary
cycle.

In all, 37 samples of amphibolite from 27 localities were
studied petrographically (table 6). Almost all of these
samples contain mixed mineral assemblages, which reflect
crystallization during the Early Proterozoic upper-
amphibolite-facies metamorphism and retrograde meta-
morphism at greenschist conditions. The amphibolite
locally includes some cataclastic or mylonitic fabrics and
finally some local thermal and (or) hydrothermal altera-
tion phenomena associated with Cretaceous plutonism and
vein-type gold mineralization. The latter mineralogic
changes in a selected suite of amphibolite samples will be
discussed in the section entitled ‘“‘Gold Deposits and
Occurrences.” Nonetheless, the mineral assembiage
formed during any one of the above events is relatively
simple. For example, amphibolite that shows the least
modification by subsequent events contains a greenish-
brown to brown (Z axis) hornblende-plagioclase (Anzg)-
quartz-clinopyroxene-biotite (trace)-opaque mineral
assemblage that includes apatite and sphene as minor ac-
cessories (fig. 18B). In outcrop, this 5- to 6-m-thick zone
of amphibolite shows a sparkling fresh granoblastic fabric
and is present within some garnet-biotite migmatitic

gneiss. Red-brown (Z axis) biotite in trace amounts is ap-
parently compatible with the other minerals in the assem-
blage. Normally zoned very calcic plagioclase (Angy) is
present as generally untwinned, stubby to equant prisms.
Miyashiro (1973) and Mason (1978), and many others, have
noted the general tendency for the calcium content of
plagioclase to increase and the color of hornblende to go
from blue green to various shades of brown during an in-
crease in the grade of metamorphism of metabasites from
the lower to the upper amphibolite facies. These relations
are present in amphibolite from the Gold Basin-Lost Basin
districts (table 6) and suggest the amphibolite reached
prograde metamorphic peaks similar perhaps to zone-C
metabasites in the low-pressure central Abukuma Plateau,
Japan (Miyashiro, 1958), or to zone-B metabasites in the
medium-pressure Broken Hill area, Australia (Binns,
19654, b, c).

Quartz makes up a significant proportion of many of
the samples of amphibolite and is present in all but five
of the samples studied (table 6). Quartz in these rocks is
of several different parageneses. Some quartz is premeta-
morphic and is from the protolith of the amphibolite,
whereas the bulk of the quartz crystallized either during
the prograde or the retrograde events. The hornblende
in some samples includes abundant, small, well-rounded,
monocrystalline grains of quartz and much lesser quan-
tities of rounded grains of plagioclase. Such quartz in
places is rimmed partially by an extremely fine grained
unknown silicate. Many such grains of quartz were
strained moderately and are inferred to reflect relict
detrital quartz grains engulfed by a subsequent over-
growth of hornblende during the upper-amphibolite-facies
metamorphism of the area (fig. 18C). The fabric of much
of the quartz that recrystallized during either the early
amphibolite-facies metamorphism or the subsequent
greenschist and contact events differs markedly from
these grains of quartz showing well-rounded outlines.
Such metamorphic quartz typically has a blebby or
shredded overall aspect and is associated very closely with
blue-green (Z axis) hornblende and (or) tremolite-actinolite
that replaces partially the early green or brown horn-
blende. The quartz-quartz boundaries in such associations
are very complexly sutured. Further, contact effects are
notable in outcrops of some amphibolite as much as 3 m
from the Cretaceous two-mica monzogranite that crops
out in the southern part of the Gold Basin district. Under
the microscope, such rock shows a well-developed grano-
blastic texture of tightly intergrown fine-grained crystals
of mostly blue green (Z axis) hornblende and quartz (fig.
18D).

Some quartz-free metabasite in the gneiss was probably
derived from clinopyroxenite. Such metabasite includes
black, dense, highly magnetic rocks that locally are
layered and that crop out predominantly along a strike
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length measuring about 100 m, as exemplified by locality
213 (pl. 1, see table 11). Here the contacts of these rocks
with the enclosing gneiss are obscured by rubble. How-
ever, close examination of these rocks reveals that they
are unquestionably pods of metamorphosed ultramafic
rocks. These rocks are very magnesian in composition
(Page and others, 1986). They show marked petrologic dif-
ferences from the bulk of the amphibolite in the gneiss.
Under the microscope, no evidence of an ophitic or sub-
ophitic texture common to most of the amphibolite derived
from gabbroic protoliths can be seen. The amphibole in
the metamorphosed ultramafic rocks is colorless to very

TABLE 7.—Analyses of mafic rocks from the Early Proterozoic terrane
in the Gold Basin-Lost Basin mining districts

[Chemical analyses by rapid-rock methods; analysts, P.L.D. Elmore and S. Botts. Methods used
are those described 1n Shapiro and Brannock (196&), supplemented by atomic absorption
(Shapiro, 1967). Spectrographic analyses by Chris Heropoulos. Results are reported to the
nearest number in the series 1, 0.7, 0.5, 0.3, 0.2, 0.15, 0.1, 0.70, and so forth, which
represents approximate midpoints of interval data on a geometric scale. The precision of
areported value is approximately plus or minus one series interval at 68-percent confidence
or two intervals at 95-percent confidence. Looked for but not found: X , As, Au, B, Bj,

Cd, Mo, Ni, Pd, Pt, Sb, Sn, Te, U, W, Zn, Hf, In, Li, Re, Ta, Th, T1, Pr, Sm, Eu]
Analysis —ee—e— 1 2 3 y 5
Sample ==——===== GM-2902a GM=-242 GM~529 GM=-578 GM-245

Chemical analyses (weight percent)
46.0 49.6 55.2 47.5 45.0
15 15.4 13.7 17.2 15.9
3.2 3.2 6.5 6.7 5.8
9.7 8.5 7.4 3 9.3
8.4 5.7 3.9 6 5.7
10.5 10.5 8.3 10.1 10.9
2.1 2 2 2.7 1.5
.70 1 .8 4o .50
1.3 1.1 1.5 1.2 1.9
.03 .08 .06 1.3 .13
1.3 1 1.4 .2 1.7
.15 .12 .24 .24 .16
.15 22 .22 .12 .21
1 .12 <.05 1.9 .05
. Total =——————— 99 99 101 100 99

Semiquantitative spectrographic analyses (weight percent)

0.05 0.03 0.02 0.05 0.03
.007 .005 .005 .005 .007
.1 .05 .001 .02 .02
.007 .0015 .01 .007 .01
Ni commsmcce— e .03 .01 .005 .01 .01
S wemmme—————— .005 .005 .005 .005 .005
23 SRR .03 .05 .05 .07 .03
V cccccmcannceee .02 .03 .03 <015 .05
Y e — .003 .002 .002 .003 .002
2 i e ——— .007 .005 .007 .01 .003
Ga ———e————— — 0015 .0015 .002 .0015 .002
Yb e 0003 0003 .0003 .0003 .0003
Niggli values
19 22 22 25 21
51 4y u7 41 48
25 27 24 27 27
5 6 7 7 4
101 121 151 118 103
.18 25 .21 .09 .18
R 47 .34 .54 41

1. Amphibolite, interlayered with quartzofeldspathic banded gneiss in
feldspathic gneiss (Xfg); SW1/4 sec. 17, T. 29 N., R. 17 W.

2. Amphibolite 3 cm thick, interlayered with biotite quartzofeldspathic
gneiss on contact between migmatitic gneiss unit (Xmg) and gneiss
unit (Xgn); NW1/4 sec. 5, T. 28 N., R. 17 W.

3. Amphibolite in gneiss unit (Xgn); NW1/4 sec, 16, T. 30 N., R. 17 W.

4. Diabase collected from main drift, Golden Gate mine; NW1/4 sec. 32,
T. 30 N., R. 17 W.

5. Pyroxene banded gneiss in migmatitic gneiss unit (Xmg); NE1/4 sec.
32, T. 29 N., R. 17 W.

weakly pleochroic in contrast to the more common blue-
green and brown hornblende in most amphibolite (table
6). In addition, the amphibole that typically makes up
about 40 to 50 volume percent of the rock is optically
positive, a relation that further suggests it is a Mg-rich
cummingtonite (ideally (Mg)7[SigO22](OH)). Cumming-
tonite is the dominant mineral in the early metamorphic
assemblage and appears to be compatible with clinopyrox-
ene, green spinel, magnetite, and only traces of plagio-
clase. The cummingtonite-rich assemblage is in turn
replaced partially by a late tremolite-serpentine-tale com-
posite assemblage most likely related to greenschist
metamorphism of the area. The overall fabric of the rock
nonetheless suggests that the protolith was a clinopyrox-
enite (N.J Page, oral commun., 1980). Our study thus
substantiates the prior recognition by Wyman (1974) that
ultramafics occur among the early Proterozoic rocks of
the districts.

Major- and minor-element analyses of three samples of
amphibolite (analyses 1-3), a diabase, and a pyroxene
banded gneiss from the districts are presented in table
7, together with calculated Niggli values. Minor-element
analyses of another six samples of amphibolite and one
sample of iron-oxide-rich soil along a fault cutting am-
phibolite are listed in table 8. The latter minor-element
analyses all were obtained from samples collected from
the general area of the Bluebird mine in the Lost Basin
district. The composite mineral assemblages of analyses
1 to 3 (table 7) are included in table 6, listed under the
appropriate sample number, and these assemblages show
that all three samples have been affected by the retro-
grade metamorphism. In fact, much of the plagioclase in
these rocks is altered. Further, all three samples contain
some modal quartz. The overall proportion of quartz in
the samples ranges from trace amounts (table 7, sample
GM-190a; 46.0 weight percent SiOg) to approximately 20
volume percent (table 7, sample GM-529; 55.2 weight per-
cent SiOp). An additional 16 chemical analysis of am-
phibolite are included in Page and others (1986).

The average major-element composition of the three
analyzed amphibolite samples was compared with the
average concentration of these elements in various
igneous-rock series and other selected amphibolite (table
9). Thus, from table 9, simply by comparing the major-
element compositions of the amphibolite analyzed from
Gold Basin-Lost Basin to similar averages of various
igneous-rock series, one might suggest that these analyzed
amphibolite samples have igneous protoliths. The average
of these three analyses (table 9, sample 1) corresponds
closely to the average continental basalt of Manson (1967,
p. 222) or the average tholeiite of Le Maitre (1976). Fur-
ther, these analyses are not much different from an
analyzed sample of diabase collected from the main drift
of the Golden Gate mine (table 7, sample 4). However, the
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TABLE 8. —Analyses for minor metals in selected samples of amphibolite and associated soil from the general area of the Bluebird
mine in the Lost Basin mining district

[Spectrographic analyses by Leon A. Bradley. Results are reported to the nearest number in the series 1, 0.7, 0.5, 0.3, 0.2, 0.15, 0.1, 0.07, and so forth, which represent
approximate midpoints of interval data on a geometric scale. The precision of a reported value is approximately 'Plus or minus one series interval at 68-percent confidence
or two intervals at 95-percent confidence. Looked for but not found: Ag, As, Au, Bi, Cd, Mo, Pd, Pt, Sb, Sn, Te, U, W, Hf, In, Li, Re, Ta, Th, T, Pr, Sm, Eu; L, less
than determination value; -, not detected; N.D., not determined. Chemical analyses by Joseph Haffty, A.W. Haubert, and J. McDade using techniques of Haffty and
Riley (1968) for Pd, Pt, and Rh; and Haffty, Haubert, and Page (1980) for Ir and Ru]y

Analysis ————=—v 1 2 3 4 5 6 7 8
Sample —-——eeeee- 79GM-1 T9GM-2 T9GM=-3 T9GM-U T9GM~5 T9GM-6 T9GM-7 T9GM=~Ta
Semiquantitative spectrographic analyses (weight percent)

B e 0.002 - - L - - - N.D.

| — — .015 0.015 0.007 0.02 0.015 0.02 0.015 N.D.

CO ——mmmmem e .007 .005 .003 .0007 .005 .003 .003 N.D.

(6] R e ——— .1 3 .05 007 2 .07 .15 N.D.

[ R .00015 .0007 .015 .0015 .007 .02 .015 N.D.

L .15 .15 o1 .05 .07 .15 .1 N.D.

Ni o .007 .02 .01 .0015 .07 015 .03 N.D.

P e .0015 - - .003 - - .0015 N.D.

R .007 .005 .003 .001 .002 .003 .003 N.D.

S —me———————— .02 .01 .007 .015 .0015 .007 .01 N.D.

V e .07 .02 .015 .005 .01 .02 .015 N.D.

Y mmmmmee e L .003 .0015 .0015 L .0015 L0015 N.D.

Ir e - .003 .0015 .0015 .0015 .003 .003 N.D.

Ga ——rmm e ————— .0015 .0015 .002 .0015 .001 .002 .0015 N.D.

Chemical analyses (parts per million)

o P — - 0.029 <0.001 <0.001 <0.001 0.003 0,001 0.001 0.004

o . .027 .033 .032 .015 .024 .029 .013 .021

Rh e —— <.001 <.001 <.001 <.001 <.001 <,001 <.001 <.001

Ir eecrae— e — <.02 <.02 <.02 <.02 <.02 <.02 <.02 <.02

RU —mmmee <1 <G <ot <1 <. <t <ot <

1. Amphibolite, composite sample; NE1/4 sec, 20, T. 29 N., R. 17 W.

2. Amphibolite, composite sample of several centimeter-sized layers in quartzofeldspathic gneiss;
NE1/Y4 sec., 20, T. 29 N., R. 17 W.

3. Amphibolite, composite sample assembled from several centimeter- to meter-sized discontinuous pods;
NE1/4 sec. 20, T. 29 N., R. 17 W.

4, Soil along fault cutting amphibolite, iron oxide stained; NE1/4 sec. 20, T. 29 N., R. 17 W,

5. Amphibolite, composite samples containing 1- to 2-volume-percent pyrite disseminated as 1- to 2-mm
blebs; NW1/4 sec, 20, T. 29 N., R, 17 W.

6. Amphibolite, composite sample; SW1/4 sec. 17, T. 29 N., R. 17 W.

7. Amphibolite, composite sample; SE1/4 sec., 18, T. 29 N., R. 17 W.

8. Amphibolite, composite sample; SE1/4 sec. 18, T. 29 N., R. 17 W.

AlyO3 content of the diabase (17.2 weight percent) is
somewhat higher than the 14.7 weight percent average
content of AlyOg in the amphibolite, probably reflecting
the higher content of modal plagioclase in the diabase than
in the amphibolite. However, Leake (1964) suggested that
a comparison of trends of certain elements in amphibolite
with similar trends in sedimentary and igneous rocks
might be more useful in establishing a sedimentary or ig-
neous protolith than a comparison of average concentra-
tions of elements. For example, an elongation of data
points along a Karroo dolerite trend at high angles to the
trend for varying mixtures of calcium carbonate, mag-
nesium carbonate, and shale would suggest an igneous
parentage. Thus, from the major-element data of table
6, plots of Niggli 100 mg, ¢, and al-alk values; Niggli ¢
versus mg; and Niggli ¢ versus al-alk were prepared (figs.

19-21).

Plots of various Niggli values yield results that are not
particularly diagnostic primarily because of the small
number of analyses of amphibolite available. Niggli values
in a 100 myg, ¢, and al-alk ternary plot for the amphibolite
show that they form a cluster slightly off the trendline
established for Karroo dolerites by Evans and Leake
(1960) but also well within the field of values expected for
various shale-carbonate mixtures (fig. 19). The analyzed
diabase (table 7, analysis 4) also plots slightly off the
trendline in this ternary diagram. A plot of the Niggli
values for the pyroxene-banded gneiss (table 7, analysis
5), however, falls within the small cluster established by
the data from the amphibolite samples. On the other hand,
the plot of Niggli mg versus ¢ shows data from the am-
phibolite to plot in the field for the Karroo dolerites and
to follow a trendline approximately parallel to the dif-
ferentiation trendline of the dolerites (fig. 20). On such
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TABLE 9.—Average magjor-element compositions, in weight percent, of Gold Basin-Lost Basin amphibolite
and various groups of igneous rocks and other amphibolites

[N.D., not determined]

Analysis ——-eeeme 1 2 3 ) 5 6 7 8
Si0, —mmmmmmmmem 50.3 49.9 49,58 57.94 48,87 52.8 49.3 55.5
A1283 ————————— 14,7 16.2 14,79 17.02 112.26 14,7 16.3 16.1
Fes03 =mmmmmm-mm 4.3 3 3.38 3.27 '11.89 4.5 2.5 2.8
| o R E— — 8.5 7.8 8.03 4,04 N.D. 6.6 8.5 5
MEO mmmmmmmmmem— 6 6.3 7.30 3.33  10.13 6.5 6 5.7
€30 =mmmmem——e—— 9.8 9.8 10.36 6.79 9.84 8.8 10.7 6.9
Nay0 —=--mmmmmmm 2 2.8 2.37 3.48 1.91 2.5 3.1 3.4
O .83 1.1 W43 1.62 1.90 .68 .59 1.7
Hy0" —mmemmmee 1.3 1 .91 .83 N.D. 1.2 1.2 1.3
e .06 N.D. .50 .34 N.D. .39 .10 .10
Tily —=mmmmm——m 1.2 1.6 1.98 .87 .62 1.1 1.1 .78
T A7 .30 .24 .21 .09 .15 .23 .32
1o .19 A7 .18 .14 .34 .19 A7 .12
T —— .09 N.D. .03 .05 N.D. .04 .18 .04
Total =mmmm——— 99 100 100.08  99.93 97.85 100.2 100 100

1Total Fe calculated as Fe203.

1. Average amphibolite, analyses 1-3 (table 6), this report.

2. Average continental basalt (Manson, 1967, table III, p. 222).

3. Average tholeiite (LeMaitre, 1976, No. 28).

4, Average andesite (LeMaitre, 1976, No. 16).

5. Selected amphibolite from Early Proterozoic Vishnu Schist in the Grand Canyon

(Clark, 1979, table II, analysis 4).

6. Average of five amphibolites in Early Proterozoic Pinal Schist from the
Mineral Mountain area, Arizona (T.G. Theodore, unpub, data, 1982).
7. Average of 12 amphibolites from Condrey Mountain, Klamath Mountains, Calif.

(Hotz, 1979, table 5, p. 16).

8. Average amphibolite, central Beartooth Mountains, Montana-Wyoming

(Armbrustmacher and Simons, 1977).

a diagram, the analyzed diabase appears to be less dif-
ferentiated than the three analyzed amphibolite samples.
On a Niggli ¢ versus Niggli al-alk diagram, the data for
the amphibolite again cluster and fall just outside the
values most expected for shale-carbonate mixtures but
still within a field of possible values for shale-carbonate
mixtures (fig. 21). Again, the clustering of the small
number of data points (three amphibolite, and one
pyroxene-banded gneiss) follow clearly neither a sedimen-
tary nor an igneous trend. Therefore, only one of the plots
(fig. 20) yields a trend for the amphibolite that might be
interpreted as an igneous one. The minor-element data,
particularly the concentration of chromium and nickel in
some of the samples of amphibolite analyzed (tables 7, 8),
also suggest derivation from igneous protoliths. Further,
the presence of detectable platinum-group metals in eight
samples of amphibolite analyzed from the general area
of the Bluebird mine (table 8), in the Lost Basin Range,
implies an igneous protolith, as does the relict igneous
fabric in these samples and in most other metabasites
throughout the southern part of the Lost Basin Range.
Plots of all available chemical analyses of amphibolite from
the districts (Page and others, 1986) suggest that igneous

100 mg

EXPLANATION

* Amphibolite
Dolomite Trendline @ Diabase
of Karroo A Pyroxene-banded

rites X
dolerit gneiss

Shale

Limestone

c al-alk

FIGURE 19.—Niggli 100 myg, ¢, and al-alk values for amphibolite, diabase,
and pyroxene-banded gneiss from Gold Basin-Lost Basin mining
districts. Analysis numbers same as in table 7. Solid lines indicate
tielines between end-member compositions for dolomite, shale, and
limestone.
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in places it is squeezed into the cores of very tightly ap-
pressed recumbent and overturned folds that measure as
much as 1 to 2 m across. Typically, wide-ranging overall
proportions of silicate minerals are present in these rocks
both along individual beds and among different nearby
beds. The best replacement phenomena between car-
bonate and silicate minerals are recorded in some of the
most calcite-rich calc-silicate marble, as exemplified by
sample GM-290b (table 10, analysis 5). A relatively silica
deficient calc-silicate marble (17.8 weight percent SiOg)
contains a composite assemblage of actinolite, diopside-
salite (trace), quartz, and sphene, which shows excellent
textural relations documenting multiple crystallization
events. The earliest assemblage probably consisted of
calcite, and diopside-salite. Then, medium-grained calcite
crystals, approximately 2.0 mm across, show incipient
patchy replacement by early pale-apple-green (Z axis)
actinolite. Reaction fronts between unreplaced calcite and
partially replaced calcite are exceptionally sharp and seem
to be confined to select crystals of calcite scattered
through the rock rather than defining planes cutting
across the calcite’s crystal boundaries. Further, aligned
fine-grained crystals of less strongly pleochroic actinolite
(and thus probably more magnesian, see Deer and others,
1963) define foliations through the cale-silicate marble by
their strong preferred dimensional orientation. Increased
abundances of the fine-grained crystals of actinolite are
concentrated mostly peripheral to lensoid clots of finely
crystalline quartz. In addition, there is some dimensional
orientation of calcite in these domains. In some of the
more heavily retrograded calc-silicate marbles, and also
more siliceous than sample GM-290b, carbonate has been
completely replaced by an assemblage of zoisite and
clinozoisite, chlorite, white mica (possibly chloritoid),
sphene, and quartz, and including relict plagioclase and
various opaque minerals in trace amounts.

Some calc-silicate marble contains garnet as one of its
diagnostic minerals. Isotropic garnet, probably rich in the
grossular molecular end member, in these calc-silicate
marbles typically includes medium-grained crystals of
diopside-salite, a relation suggesting crystallization of
diopside-salite preceded crystallization of garnet. Where
foliated, the schistosity is confined primarily to the quartz-
and calcite-rich domains of the rock. Minor accessories
include sphene and slightly rounded crystals of zircon.

Some pods of cale-silicate minerals in generally
migmatitic-gneiss sequences of rock show the develop-
ment of zoned reaction rims with an adjoining pelitic
schist. These reaction rims are millimeter sized and prob-
ably developed by a predominantly diffusion-dominant
process (for discussion of diffusion phenomena, see Vidale,
1969; Hewitt, 1973; Vidale and Hewitt, 1973). Where the
pelitic schist has not apparently reacted with the enclosed
carbonate-rich pods, it contains a typical biotite-quartz-

plagioclase (about Anys)-apatite-opaque mineral assem-
blage (fig. 23, zone I). However, within about 13 mm of
the approximate original boundary between the pelitic
schist and the carbonate-rich rock, the first mineralogical
changes are present. These changes are (1) the sporadic
nucleation of newly crystallized clinozoisite that either
envelopes an opaque mineral (probably magnetite) or is
very close to an opaque mineral, (2) a marked decrease
in the average maximum dimension of biotite from about
0.5 mm in zone I to about 0.12 mm in zone II, and (3) a
progressive decrease in the grain size of biotite and a con-
comitant increase in the modal abundance of largely un-
twinned plagioclase (approximately Angg). The boundary
of zone II on the side of the cale-silicate pod is placed at
the point of final disappearance of biotite. However, a
bladed opaque mineral, which is most likely ilmenite, ap-
pears initially about two-thirds of the way into zone II and
continues through zone III; the ilmenite disappears final-
ly about one-quarter of the way through zone IV (fig. 23).
A weakly pleochroic amphibole in zone III, probably
tremolite-actinolite, is present as stubby crystals that have
an overall shredded aspect and make up about 10 to 15
volume percent of the zone. From the specific mineral
assemblage and modal composition of zone III, we infer
it as having the lowest K90 content of the three reaction
zones (II-1V) developed in rock that formerly had the
same overall bulk composition as the unreacted pelitic
schist. Relative to zones III and VI, the phyllosilicates
biotite (now mostly retrograded to chlorite) and white
mica are more abundant in zones IV and V. This increase
in abundance is confined mostly to a domain near the
original approximate boundary between pelitic rock and
carbonate-rich rock. The modal concentration of sphene
is highest in zone I, on the carbonate side of the original
boundary between the carbonate and pelitic rocks. Thus,
all these relations above suggest that the following
chemical changes occurred across the pelitic-carbonate
contact during metamorphism: (1) a depletion of potas-
sium in the pelitic rocks immediately adjacent to the
carbonate, (2) a concomitant flow of calcium from the car-
bonate out into the pelitic rock, (3) possibly a fixation of
some of the potassium released from the pelitic rock into
biotite and white mica along the original boundary be-
tween pelite and carbonate, and (4) a possible flow of
titanium from the breakdown of biotite into the recrystal-
lizing carbonate. Vidale (1969) documented experimental-
ly the differential movement of potassium, calcium, and
magnesium across juxtaposed pelite and carbonate
assemblages. In her experiments, however, potassium and
calcium moved away from the carbonate. Thus, the
nucleation of newly grown biotite and white mica in zones
IV and V (fig. 23) most likely reflects circulation of a
second pulse of fluids primarily along the former pelitic
schist and calc-silicate contact.
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Zone VI contains a relatively simple composite assem-
blage consisting of isotropic garnet, zoisite or epidote,
sparse apatite, and an opaque mineral in trace amounts
(fig. 23). The garnet apparently replaced mostly the fine-
grained intergrowths of clinozoisite, calcite, and chlorite
of zone V. Further, the crystallization of garnet appears
to have overstepped that of zoisite because crystals of
zoisite typically have been enveloped by a primarily grain-
boundary-controlled growth of garnet. The garnet-zoisite
assemblage in zone V1 is similar to assemblages in zoned
calc-silicate rocks in kyanite-grade regionally metamor-
phosed rocks described by Vidale (1969).

Small bodies of skarn, measuring several meters across,
crop out sporadically in many of the Proterozoic metamor-
phic and igneous units of figure 2. Generally, the skarn
consists of discontinuous layers of coarse intergrowths of
garnet, dark fibrous amphibole, and quartz; or garnet,
epidote, and quartz with or without pyrite and calcite.
Locally, some skarn has been prospected for scheelite
(tungsten), which is present as crystals as coarse as 2.5
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cm in maximum dimension in podlike masses of skarn
related probably to nearby thin pegmatite dikes (table 11,
loc. 25).

PROTEROZOIC IGNEOUS AND METAIGNEOUS ROCKS

Early Proterozoic igneous and metaigneous rocks in the
districts range greatly in size and include leucogranite
(unit X1), gneissic granodiorite (Xgg), feldspathic gneiss
(Xfg), biotite monzogranite (Xm), leucocratic monzo-
granite (XIm), porphyritic monzogranite (Xpm), and gran-
odiorite (Xgd, fig. 2). In addition, varying proportions of
igneous and metasedimentary rocks combine to yield a
variety of migmatitic rocks in the exposed basement of
the districts. The most widely exposed migmatitic rocks
are along the lower west flanks of Garnet Mountain. Fur-
thermore, another igneous rock in the districts, presum-
ably Middle Proterozoic in age, is present as scattered
undeformed diabase dikes, sills, and small intrusive
masses. In addition to small bodies of all of these Pro-

Reaction zones developed in pelitic schist

| 11 I
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Medium grained calc-silicate rock
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FIGURE 23.—Schematic diagram of sequence of mineral assemblages
developed in zones near contact between medium-grained pelitic schist
and fine-grained cale-silicate rock. Q, quartz; pl, plagioclase; bi, biotite;
chl, chlorite; op, opaque mineral; ap, apatite; wm, white mica; zr, zir-

con; Tr, trace; cz, clinozoisite; trem-act, tremolite-actinolite; sph,
sphene; ce, carbonate, mostly caleite; gr, garnet, completely isotropic;
20, zoisite; epi, epidote; ilm, opaque mineral, bladed habit, probably
ilmenite; --, not found.
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terozoic igneous rocks, the gneiss also includes locally
some conspicuously exposed hornblende-biotite ortho-
gneiss that has the composition of monzonite (fig. 24).

LEUCOGRANITE

Masses of gneissic leucogranite (unit al of Blacet, 1975)
range in size from several-centimeter-wide stringers
parallel to compositional layering in the gneiss to the
1-km-long sill that crops out about 3 km northeast of the
Cyclopic mine. This sill strikes north-south and dips to the
west, approximately conformable with foliation in the sur-
rounding gneiss (unit X1, fig. 2). On the south, the sill of

leucogranite appears to be truncated by the large mass
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of gneissic granodiorite that crops out in the Gold Basin
district. Throughout the gneiss, the fabrics of individual
bodies of leucogranite texturally may grade from coarse-
grained granitoid to pegmatitic, containing potassium
feldspar phenocrysts as much as 8 cm wide. In addition,
leucogranite ranges from relatively undeformed to
intensely mylonitized rock. Although mylonitized coarse-
grained leucogranite is generally conformable with its sur-
rounding rocks, locally it cuts amphibolite and garneti-
ferous gneiss. Nonetheless, the two diagnostic overall
features of the Early Proterozoic leucogranite are (1) its
sill-like concordant relation with the gneiss and (2) its com-
monly gneissic to intensely mylonitic fabric. In addition,
many of these leucogranite sills contain bluish-gray, highly

Quartz
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F1Gcure 24.—Modes of Proterozoic igneous and metaigneous rocks from Gold Basin-Lost Basin mining districts. Data from table 12. Composi-
tional fields from Streckeisen and others (1973). Dashed line, visually estimated regression line.
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vitreous quartz, which is found in wispy segregation
lenses. Northeast of the Gold Hill mine, large sills of
pegmatitic leucogranite increase in abundance and even-
tually grade into complexes of highly deformed migmatitic
leucogranite (unit mal of Blacet, 1975). These complexes
include swarms of leucogranite, aplite, and pegmatite
dikes, together with pegmatoid quartz veins, all cutting
gneiss. All of the relations indicate that initial emplace-
ment of leucogranite into gneiss occurred during the in-
tense ductile deformation of the gneiss. Although we infer
that the mapped body of leucogranite is older than all
other Proterozoic igneous rocks, some leucogranite in the
Proterozoic terrane probably was emplaced synchronously
with all other Early Proterozoic igneous rocks here.
Garnetiferous gneissic leucogranite, which ranges wide-
ly in grain size, locally becomes very strongly foliated and
mylonitic near some minor tungsten (scheelite) prospects.
This tungsten mineralization may be Proterozoic in age.
In addition, the pink garnet in some of the leucogranite
is concentrated near the walls of the leucogranite, espe-
cially where the leucogranite is in contact with biotite- or
garnet-rich gneiss. Plots of modal data (table 12) for five
samples of leucogranite show that four samples fall within
the compositional field of granite (fig. 24). The other sam-
ple plots within the compositional field for tonalite.

GNEISSIC GRANODIORITE

An elongate body trending N. 25° E. of Early Pro-
terozoic medium-grained gneissic granodiorite crops out
across approximately 10 km? in the Gold Basin district
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(fig. 2; unit ggd of Blacet, 1975). The southernmost ex-
posures of the gneissic granodiorite body crop out about
2 km northeast of the Cyclopic mine. The gneissic grano-
diorite apparently intrudes gneiss and some leucogranite
and is in turn intruded by Early Proterozoic porphyritic
monzogranite of Garnet Mountain and Middle Proterozoic
diabase, and presumably even younger pegmatitic leuco-
granite and gold-bearing veins. Some samples of typical
gneissic granodiorite contain approximately 25 to 30
volume percent quartz and plot in the compositional field
for granodiorite (fig. 24). However, other samples show
wide-ranging alkali feldspar to plagioclase proportions
yielding modal compositions that fall in the granite and
tonalite compositional fields. Mafic minerals, mostly
biotite, make up about 20 volume percent of the rocks.
Plagioclase (approximately Angg) generally is altered in-
tensely to white mica+ carbonate + clinozoisite assem-
blages, whereas the potassium feldspar is remarkably
fresh and includes both microcline and perthitic varieties.
Accessory minerals are sphene, apatite, and opaque
minerals. Gneissic granodiorite may be a mafic, less
siliceous variety of igneous rock more or less isochronous
with feldspathic gneiss (Xfg, fig. 2).

Numerous shallow prospect pits and mine workings are
scattered throughout the gneissic granodiorite. However,
the east contact between the gneissic granodiorite and
the surrounding gneiss appears to have acted as a very
important conduit for the circulation of fluids associated
with gold mineralization. Prospects and productive mines,
including the Malco mine in the SE% sec. 21, T. 28 N.,
R. 18 W., are especially concentrated along the strike of
this contact for approximately 2 km.

TABLE 12.—Modal date for Proterozoic igneous and metaigneous rocks from the Gold Basin-Lost Basin mining districts

Potassium Mafic

Quartz feldspar Plagioclase minerals
Sample Total points  (volume {volume (volume (volume
counted percent)  percent) percent) percent) Comments Location

GM=98 ~~===m=— 1,468 37.3 38.4 22,7 1.6 Foliated leucogranite dike in mixed granodioritic NE1/4 sec. 15, T. 28 N., R. 16 W.
complex

GM=-98a ==—===== 1,609 38.8 38.2 20.4 2.6 Porphyritic leucogranite inclusion in sample 98, NE1/4 sec. 15, T. 28 Ne., R. 16 W.
showing 3-cm crystals of potassium feldspar

GM-126a ====-- 3,535 19.6 22.2 34.5 23.6 Biotite-hornblende granite of unit Xgn NW1/4 sec. 24, T. 28 No, R. 16 W,

GM-6382z -==~~~- 1,798 2.2 33.4 40 24,4 Orthogneiss included in gneiss unit Xgn Approximately 1.7 km west-northwest

of Gold Hill mine, T. 29 N., R. 18 W. of Gold Hill Mine

CM-824 —-==——-- 1,479 39.1 38.4 21.4 1 Garnet-bearing pegmatoid leucogranite in gneiss SW1/4 sec. 4, T. 27 N., R. 18 W.
unit Xgn

GM~830 -~----— 1,344 21.4 24,9 49.8 3.9 Aplite dike, shallow dipping, presumably NWl/4 sec. 4, T. 27 N., R. 18 W.
cogenetic with Xpm unit

GM-848 --=m=—- 1,726 24.3 16.2 40.7 18.8 Biotite granodiorite, slightly porphyritic, NWl/4 sec. 3, T. 27 N., R. 18 W.
locally gueissic, in gneiss (Xgn)

GM~874 =—=wmwe 1,790 22.6 21,1 32.7 23.7 Gneissic granite in gneiss (Xgn); presumably NE1l/4 sec 23, T. 30 N., R. 19 W
correlative with gneissic granodiorite (Xgd)

GM-893 =w~wuee 1,338 21.1 21.2 35.1 22.6 Granite in gneiss (Xgn) NW1/4 sec. 29, T, 28 N., R. 18 W.

GM-894 ==-=-== 1,660 28.9 41.6 28.2 1.3 Leucogranite dike, 10 m thick, cutting gneiss (Xgn) SWl/4 sec. 29, T. 28 N., R. 18 W.

GM=927 —emeeee 1,767 28.6 28.5 39.2 3.8 Gneissic granite in gneiss (Xgn) NE1l/4 sec. 17, T. 28 N., R. 18 W.

GM=945a ====== 1,850 20.7 17.5 42,2 19.6 Gneissic granodiorite (Xgd) SE1/4 sec. 21, T. 28 N., R. 18 W.

GM=1000 ==w—~w 1,427 20.7 4 61.9 17 Gneissic tonalite variant of gneissic granodiorite NE1l/4 sec. 21, T. 28 N., R, 18 W
(Xgd)

GM=-1027 =~==~= 1,086 32.7 28.5 27.8 11 Porpgyritic biotite granite of porphyritic NE1/4 sec. 16, T. 30 N., R. 18 W.
monzogranite (Xpm)

GM-1051 =~===- 1,425 33.6 28.6 35.1 2.7 Granite in gneiss (Xgn) SE1/4 sec. 15, T. 29 N., R. 19 W.

GM~1063 =w==== 1,398 4446 3.9 48.1 3.4 Undeformed garnet-bearing leucogranite dike cutting NE1/4 sec. 3, T. 28 N., R. 16 W.
gneiss (Xgn)

GM~108] ==w=w= 1,602 2742 32.8 36.8 3.1 Porphyritic granite from migmatite terrane SW1/4 sec. 33, T. 29 N., R. 17 W.

(unit Xm)
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FELDSPATHIC GNEISS

Early Proterozoic feldspathic gneiss crops out in an ap-
proximately 5-km-long and 0.8-km-wide sliver bounded by
faults in the southern part of the Lost Basin Range (fig.
2; unit fgn of Blacet, 1975). These faults include both deep-
seated mylonitic structures and shallow-seated structures
marked by gouge. Generally, the feldspathic gneiss is light
gray to light pinkish gray, fine to medium grained, and
has a compositionally homogeneous and strongly lineated
fabric. The feldspathic gneiss contains few mafic schlieren
and inclusions. Locally, foliation in the feldspathic gneiss
is highly contorted, and near the northern margins of the
sliver, the attitude of foliation gradually converges with
the mylonitic rock that is present along its contact with
the surrounding gneiss. The gneiss just west of the west
boundary fault of the feldspathic gneiss contains abun-
dant slickensides and short discontinuous shear zones, as
well as iron oxide staining and increased abundances of
chlorite.

The feldspathic gneiss is cut by quartz-feldspar veins,
some of which are gold bearing, and sparse occurrences
of syenitic aplite. Prospect pits and abandoned shafts and
adits are especially abundant near the north end of the
feldspathic gneiss. Generally, these workings follow cop-
per (chalcopyrite, chrysocolla, malachite), lead (galena),
and native gold shows along quartz plus yellow-brown car-
bonate veins. In places, the veins are about 0.5 m thick
and attenuate downdip to stringers of about 1 to 2 cm
thick. No indications of copper, lead, or gold mineraliza-
tion were found to be associated with the syenitic aplite
(P.M. Blacet, unpub. data, 1967-72), although the pits dug
on some of the outcrops of syenitic aplite include quartz
and orange-brown carbonate vein material and clear
crystalline calcite.

BIOTITE MONZOGRANITE

Three bodies of equigranular to sparsely porphyritic
Early Proterozoic biotite monzogranite are mapped in the
Garnet Mountain quadrangle: (1) an approximately 1-km?2
west-trending mass near Rattlesnake Spring, which is
about 5 km southeast of Garnet Mountain; (2) an approx-
imately 0.1-km2 body, about 2 km southwest of Rattle-
snake Spring; and (3) a north-trending dikelike mass
which has been traced discontinuously for about 4.5 km
in the southern part of the Gold Basin district (fig. 2; unit
gm of Blacet, 1975). The biotite monzogranite is in con-
tact mostly with porphyritic monzogranite of Garnet
Mountain. Age relations between the biotite monzogranite
and porphyritic monzogranite of Garnet Mountain can-
not be established conclusively because their contact
typically is not exposed and can be located only within
about 10 m. Nonetheless, the porphyritic monzogranite
of Garnet Mountain near the contact is altered more than

the biotite monzogranite and also contains narrow discon-
tinuous cataclastic or protoclastic zones. Near Rattlesnake
Spring, however, the biotite monzogranite is associated
spatially with moderately abundant rose quartz-bearing
pegmatite and other pegmatite. Some similar pegmatites
are present definitely as inclusions in the adjoining por-
phyritic monzogranite of Garnet Mountain (P.M. Blacet,
unpub. data, 1967-72), relations from which we infer that
the biotite monzogranite may be older than the porphyritic
monzogranite of Garnet Mountain. In addition, the biotite
monzogranite is intruded by small numbers of diabase
dikes, some of which also include leucocratic differen-
tiates.

The biotite monzogranite, which crops out in the south-
ern part of the Gold Basin district, is a rather homog-
eneous light-gray body and shows only minor variations
in overall composition and in igneous fabric. The biotite
monzogranite is mostly a fine-grained rock, ranging
typically between 0.5 and 1.0 mm in average grain size.
Regardless, some facies of this rock in places become
medium grained and contain euhedral potassium-feldspar
phenocrysts as much as 8 em in their long dimension and
sparse quartz phenocrysts as much as 1.5 cm wide. Other
rocks are foliated. Thin sections of six representative
samples of fine-grained biotite quartz monzonite show
predominantly equigranular hypidiomorphie-granular tex-
tures and minor porphyritic, seriate, and glomeropor-
phyritic textures. Modally, these rocks would plot in the
compositional field of granite, using the classification of
Streckeisen and others (1973). Some phenocrystic quartz,
perhaps 1 to 2 percent by volume, is aggregated into ap-
proximately 2.5-mm-wide clots. Primary biotite (dark
brown, Z axis) makes up typically about 5 to 10 volume
percent and has been altered sparingly to chlorite with
or without epidote. Plagioclase (mostly Anjs_gp) shows
varying degrees of replacement by white mica and
epidote. The intensity of replacement is highest adjacent
to Cretaceous(?) episyenitic rocks which largely developed
from the biotite monzogranite. Potassium feldspar, mostly
microcline but including also some untwinned but perthitic
varieties, is generally quite fresh. Minor accessories in-
clude apatite, sphene, and opaque minerals. Locally, pyrite
is disseminated in the biotite monzogranite where it is
intergrown with coarsely crystalline anhedral fluorite.

The biotite monzogranite, which crops out in the
southern Gold Basin district, hosts numerous fluorite-
bearing quartz-carbonate veins, some of which contain
visible gold. In addition, this body of biotite monzogranite
is also cut by several very small masses of Cretaceous(?)
episyenite, one of which near the east edge of the biotite-
quartz monzonite contains fluorite and disseminated gold
(Blacet, 1969; see below).

Chemical data on three representative samples of biotite
monzogranite from the Gold Basin district are presented
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in table 13. The major-element analyses are generally
similar to the average granite of Le Maitre (1976), also
listed in table 13 for comparison. However, these three
samples of biotite monzogranite are richer in KoO than
the average granite of Le Maitre (1976), and the samples
are also lower in NagQ. The average of total alkalis (sum
of K20 and NayO) in the three samples is 8.3 weight per-
cent, which is close to the 7.75 value for total alkalis in
the average granite of Le Maitre (1976). Minor elements
in the three samples of biotite monzogranite are typical
of those commonly associated with granitic rocks, with

TABLE 13.—Analytical data of Early Proterozoic biotite monzogranite

[Chemical analyses of 1 and 2 by rapid-rock methods; analysts, P.L.D. Elmore and S. Botts.
Methods used are those described in Shapiro and Brannock (1962), supplemented by atomic
absorption (Shapiro, 1967). Spectrographic analyses of 1 and 2 by Chris Heropoulos. Results
are reported to the nearest number in the series 1, 0.7, 0.5, 0.3, 0.2, 0.15, 0.1, 0.07, and
so forth, which represent approximate midpoints of interval data on a geometric scale. The
precision of a reported value is approximately plus or minus one series interval at 68-percent
confidence or two intervals at 95-percent confidence. Looked for but not found: Ag, As,
Au, B, Bi, Cd, Mo, Ni, Pd, Pt, Sb, Sn, Te, U, W, Zn, Hf, In, Li, Re, Ta, Th, Ti, Pr, Sm,
Eu, Chemical analysis of sample 3: major oxides by X-ray spectroscopy; J.S. Wahlberg,
J. Taggart, and J. Baker, analysts; partial chemical analyses by standard methods; P.R.
Klock and J. Riviello, analysts. %ectrog‘raphic analéses of sample 3 by Judith Kent. Looked
for but not found: Ag, As, Au, Bi, Cd, Sb, Sc, W, Ge, In, Re, Tl, and Hg; -, not detected;
N.D., not determined]

1 2 3 4
GM-19 GM-19¢ T9GM12

Chemical analyses (weight percent)

72.9 70.7 72.9 71.3
14 14 13.4 14.32
1.4 2.1 2.15 1.21
1.4 2 1,05 1.64
.10 .40 .36 .71
1.2 2.4 .85 1.84
2.6 2.6 2.54 3.68
5.6 5.5 6.08 4,07
.68 T4 .64 .64
.04 .08 .06 .13
.35 .51 .31 .31
.07 L4 .06 .12
.06 .06 .04 .05
<.05 .05 .06 .05
35 45 .07 N.D.
N.D. N.D .004 N.D.
N.D. N.D. A7 N.D.
Subtotal wea- 100.6 101.7 100.74 100.07
Less O = F mcecaa= .06 .19 .03 N.D.
Total «m—ceeeeee 100.54 101.51 100.71 N.D.

Semiquantitative spectrographic analyses (weight percent)

- -— 0.0007 N.D.
0.07 0.15 .026 N.D.
.0003 .0003 .0007 N.D.
-— .0005 .0003 N.D.
.0003 .0007 .0002 N.D.
.0001 .0003 .0002 N.D.
.02 .02 .024 N.D.
- - .0003 N.D.
.003 .003 .0054 N.D.
.007 .007 .0058 N.D.
.0005 .001 -— N.D.
- - .0008 N.D.
.015 .03 .0013 N.D.
.001 .002 .0015 N.D.
.003 .007 .0036 N.D.
.02 .03 .002 N.D.
- - .02 N.D.
.05 .05 .ou7 N.D.
.002 .002 .0019 N.D.
.0003 .0007 .0003 N.D.
.015 .015 - N.D.
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some exceptions. The contents of fluorine in the biotite
monzogranite appear to be atypically high, 0.07 to 0.45
weight percent (table 13). However, the bulk of the
fluorine may have been introduced during the develop-
ment of episyenite sometime during the Cretaceous (see
section “Cretaceous Crystalline Rocks”). The estimates
by Vinogradov (1962) and Turekian and Wedepohl (1961)
for the abundance of minor elements in granitic rocks sug-
gest low-calcium granites and felsic granites and grano-
diorites to contain 4.0 and 0.5 ppm cerium, respectively.
The three samples of biotite monzogranite show cerium
contents of 50 ppm (table 13). Thus, this body of biotite
monzogranite may be more fractionated than the average
granite.

LEUCOCRATIC MONZOGRANITE

The bulk of the Early Proterozoic leucocratic monzo-
granite (unit lgm of Blacet, 1975) crops out as discon-
tinuous, lensoid masses across a 4-km-wide and 12-km-
long belt that trends N. 20°-25° W. along the west front
of Garnet Mountain (fig. 2). Two other very small
exposures of leucocratic monzogranite crop out near the
intersection of Grapevine Wash with the Grand Wash
Cliffs at the east edge of the Garnet Mountain quadrangle.

TABLE 13.—Analytical data of Early Proterozoic biotite monzogranite—

Continued
Analysis ——————eeea- 1 2 3 y
GM-19 GM-19¢c T79GM12
CIPW norms (weight percent)
Q ~—e—mermmm e 33,7 29.7 32.8 29.06
2 1 1.5 .92
32.9 31.9 35.7 24.5
21.9 21.6 21.4 31.13
4.4 7.4 3.0 18.04
.25 .98 .89 3.37
.9l 1.2 - N.D.
2 3 2 1.75
— — .8 -—
.66 .95 .59 .58
T .33 .14 .28
.29 .88 .13 N.D,
_— — .32 -
—-— .11 .14 .12
99.2 99 99.4 99.75
94.9 91.6 94.4 93.65
4.3 7.4 5 6.1
L5175 G —— 88.5 83.3 89.9 84.24
1l-lyperst:hene.

Differentiation index of Thornton and Tuttle (1960), defined as
the total of normative quartz plus normative orthoclase plus
normative albite,

1. Biotite monzogranite, fine grained, SE1/4 sec. 27, T. 28 N.,
R. 18 W.

. Biotite monzogranite, medium grained, slightly porphyritic;
SE1/4 sec. 27, T. 28 N., R. 18 W.

3. Biotite monzogranite, medium grained, SE 1/4 see. 27, T. 28 N.,
R. 18 W.

. Granite, average of 2,485 analyses, from LeMaitre (1976).

n

=
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The leucocratic monzogranite probably has a total outcrop
area of about 5 to 6 km2 and normally is within the more
widespread porphyritic monzogranite of Garnet Moun-
tain. Contacts between leucocratic monzogranite and the
porphyritic monzogranite of Garnet Mountain locally are
quite sharp, but the transition between the two rock types
can also be gradational across 8 to 10 cm or as much as
0.5 m. Further, the abundance of potassium feldspar
phenocrysts increases in the leucocratic monzogranite
nearest the porphyritic monzogranite. Although the actual
contact between these two rocks may be highly irregular
in detail at the scale of a single outcrop, the overall atti-
tude of the contact maintains a generally northwest strike.
In addition, the potassium feldspar phenocrysts, which are
concentrated on the leucocratic monzogranite side of the
contact with porphyritic monzogranite of Garnet Moun-
tain, also are commonly oriented with their long dimen-
sions trending northwesterly. Locally, where the contact
between these rocks is well exposed, offshooting dikes of
porphyritic monzogranite of Garnet Mountain definitely
cut leucocratic monzogranite, and in places both rocks are
cut in turn by fine-grained dikes of granite. On the other
hand, some exposures of the contact between leucocratic
monzogranite and porphyritic monzogranite of Garnet
Mountain show complexly mixed flowage structures in-
volving both rocks. These relations suggest that initial
emplacement of the leucocratic monzogranite to the levels
currently exposed was followed very closely by intrusion
of the porphyritic monzogranite of Garnet Mountain—so
closely that the leucocratic monzogranite in places prob-
ably was only partially crystalline. We infer that initial
emplacement of the leucocratic monzogranite predates the
biotite monzogranite.

In outcrop, the leucocratic monzogranite is typically a
light-yellowish-gray rock, which most commonly is
medium-grained hypidiomorphic granular in overall tex-
ture. Compositionally, these rocks are granite and gen-
erally are nonporphyritic although they can grade into
slightly porphyritic micropegmatitic varieties. Partly
chloritized dark-red-brown (Z axis) biotite makes up less
than 5 volume percent of the equigranular varieties. In
addition, very fine granules of opaque mineral(s) are con-
centrated in chlorite which replaces the earlier primary
biotite, whereas granules of primary opaque mineral(s)
(probably magnetite mostly) are relatively sparse and
somewhat coarser grained than the secondary opaque
mineral(s). Plagioclase (Anj5_g5) makes up 30 to 40
volume percent of the rocks and is moderately clouded
by a dense intergrowth of clay mineral(s), white mica, and
sparse epidote. Potassium feldspar is relatively fresh and
contains patches of microcline twinning, which is concen-
trated usually in the cores of the potassium feldspar
crystals. The potassium feldspar also includes irregular-
ly developed bead perthite. Myrmekite is developed

sparsely along potassium feldspar-plagioclase grain
boundaries. Primary quartz makes up about 20 to 25
volume percent of the leucocratic monzogranite and in
some samples the primary quartz hosts relatively abun-
dant and conspicuous fluid inclusions. These fluid inclu-
sions are concentrated along secondary and pseudo-
secondary annealed microfractures through the primary
quartz. At room temperature, the fluid-inclusion popula-
tion consists of a two-phase liquid-rich type, a three-phase
type containing liquid carbon dioxide, and a third type
which contains from one to three nonopaque daughter
minerals. One of these daughter minerals is undoubtedly
halite and another is probably sylvite. The third daughter
mineral is highly birefringent and shows equant to
rod-shaped habits. Heating and freezing tests were not
performed on these samples from the leucocratic monzo-
granite. However, the relative proportions of the
daughter minerals in many of the inclusions suggest that
highly saline carbon dioxide-rich fluids containing as much
as 60 weight percent NaCl equivalent at some time
must have circulated through some of the leucocratic
monzogranite.

The leucocratic monzogranite contains locally some nar-
row 1- to 2-m-wide zones of very well foliated gneissic rock
of nearly the same composition as the nonfoliated equi-
granular leucocratic monzogranite. These zones crop out
near contacts between leucocratic monzogranite and por-
phyritic monzogranite of Garnet Mountain and have
attitudes that parallel closely the attitude of the contact
between the two rocks. The foliation is defined principal-
ly by (1) a preferred concentration of stubby crystals of
dark-brown (Z axis) biotite into highly discontinuous
0.2-mm-wide lepidoblastic domains and by (2) a preferred
dimensional orientation of highly strained ribboned
quartz. The extreme freshness of these zones (the biotite
is not chloritized, and the plagioclase is not clouded) sug-
gests that they may have been generated protoclastically.

Pegmatite in the leucocratic monzogranite previously
has been prospected for sheet mica, as exemplified by the
M.P. Mica mine, which is in the SE sec. 26, T. 28 N.,
R. 17 W. (table 11, see locs. 138, 139). At several places
in the general area of the M.P. Mica mine, muscovite
books are present in approximately N. 10° W.-striking
discontinuous pegmatite dikes and lenses. These dikes and
lenses range from 2 to 5 m in width. The pegmatite shows
well-developed quartz cores and includes some sparse con-
centrations of red-brown garnet near its margins with the
leucocratic monzogranite.

PORPHYRITIC MONZOGRANITE OF GARNET MOUNTAIN

The porphyritic monzogranite of Garnet Mountain (unit
pam of Blacet, 1975) crops out in three main areas in the
districts: (1) east of Hualapai Valley and east of Grapevine
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Mesa, near the Grand Wash Cliffs, (2) near the northwest
corner of the area, in the White Hills, and (3) in the
southern White Hills near the southwest corner of the
area where it hosts several of the gold-bearing quartz
veins (fig. 2). The largest exposed body of the porphyritic
monzogranite crops out east of Hualapai Valley, nearly
centered on Garnet Mountain itself. Here the porphyritic
monzogranite is the principal rock unit exposed in an area
of about 60 km2. Several northwest-striking dikes and ir-
regularly shaped small bodies of diabase intrude the por-
phyritic monzogranite in this general area. About 4 km
east of Garnet Mountain, the porphyritic monzogranite
is overlain unconformably by the Cambrian Tapeats Sand-
stone, and at Iron Mountain, about 5 km northeast of
Garnet Mountain, the porphyritic monzogranite and the
diabase are capped unconformably by flat-lying rocks
including the Tapeats Sandstone, Tertiary gravel, and
Tertiary basalt. From Garnet Mountain, the porphyritic
monzogranite can be traced to the north fairly continuous-
ly cropping out in progressively smaller areas east of
Grapevine Mesa and in the low hills leading to the Grand
Wash Cliffs. Near the northwest corner of the area, the
porphyritic monzogranite crops out in three irregularly
shaped bodies which total approximately 5 km? in area.
Fanglomeratic sequences of the Tertiary Muddy Creek
Formation, the upper Miocene Hualapai Limestone Mem-
ber of the Muddy Creek Formation, Tertiary ancestral
Colorado River deposits (not delineated separately on fig.
2), and various types of Quaternary unconsolidated
deposits all rest unconformably on some part of these
three bodies of porphyritic monzogranite. As mapped in
the southern White Hills, the porphyritic monzogranite
crops out in an approximately triangular area of about
10 km2. Its maximum inferred dimension at the surface
is about 6 km in an approximately N. 40° E. direction.

The age of emplacement of the porphyritic monzo-
granite was established by Wasserburg and Lanphere
(1965) to be about 1,660 Ma using the potassium-argon
and rubidium-strontium techniques. Samples of por-
phyritic monzogranite and pegmatite were obtained by
them from several localities in the SW4 see. 27, T. 28
N., R. 16 W, near the Boyd Tenney Ranch in the Quarter-
master Canyon SW 7Yz-minute quadrangle. These local-
ities are approximately 3.2 km north-northeast of the
southeast corner of the Garnet Mountain quadrangle, and
from them, the porphyritic monzogranite can be traced
continuously to Garnet Mountain itself. Hornblende from
a sample of porphyritic monzogranite, described by
Wasserburg and Lanphere (1965, p. 746) as ‘“‘coarse-
grained biotite-hornblende quartz monzonite characteriz-
ed by abundant microcline phenocrysts,” yielded a K-Ar
age of 1,630 Ma. The initial 87Sr/86Sr ratio for the por-
phyritic monzogranite is 0.702. Abundant dikes of pegma-
tite cut the porphyritic monzogranite and the metamor-
phic rocks, which include garnet-biotite-potassium
feldspar gneiss and diopside-hornblende gneiss, at these

localities. Comprehensive analytical results on various
minerals from these pegmatites plot on a well-defined
isochron of 1,660 Ma showing an initial 87Sr/86Sr ratio
equal to 0.704 (Wasserburg and Lanphere, 1965). Ap-
parently, plutonism here forms part of a northeast-
trending magmatic arc that ranges in age from 1,610 to
1,700 Ma, (Silver and others, 1977). Such plutonism in the
districts occurred well within a broad Proterozoic province
of 1,720- to 1,800-Ma apparently supracrustal rock and
may reflect magmatism associated with the accretion of
another 1,650- to 1,720-Ma terrane outboard to the
southeast (Condie, 1982).

Large, abundant, conspicuous potassium feldspar
phenocrysts are the most characteristic feature of the por-
phyritic monzogranite of Garnet Mountain. The pheno-
crysts are typically pinkish gray to pale pinkish cream and
are set in a light-pinkish-gray, coarse-grained, hypidio-
morphic-granular groundmass. Many exposures of por-
phyritic monzogranite show tabular phenocrysts as long
as 10 em. Textures elsewhere in the porphyritic monzo-
granite are predominantly subporphyritic seriate, and
such rocks show an almost continual gradation in size of
euhedral potassium feldspar phenocrysts from about 1.5
em to 10 em in their long dimension (fig. 254). In addi-
tion, some of the potassium feldspar phenocrysts show
evidence of partial rounding. Generally in the porphyritic
monzogranite, near its contact with the leucocratic monzo-
granite, tablets of phenocrystic potassium feldspar show
a well-developed preferred orientation. Where oriented,
the phenocrysts are aligned with their long axes parallel
to the general strike of the contact. In addition, the
phenocrysts are subparallel to dimensionally oriented
schlieren and inclusions of leucocratic monzogranite.
However, the border zone of the porphyritic monzogranite
is not everywhere typified by aligned phenocrysts of
potassium feldspar. Locally, in the Gold Basin district this
border zone between porphyritic monzogranite and gneiss
is marked by a conspicuous display of randomly oriented
blocks of included biotite-rich and garnet-bearing schist
and gneiss. Nonetheless, the contact between gneiss and
porphyritic monzogranite is conformable generally with
the trend of foliation in the gneiss as exemplified by rela-
tions in sec. 29, T. 28 N., R. 18 W. Yet on a scale of a
large outcrop, the contact between porphyritic monzo-
granite and gneiss cuts the schistosity in the gneiss at a
high angle, and there is no evidence for shearing along
the contact. In places, the contact can be located to within
about 1 em. Elsewhere in the Gold Basin district, the por-
phyritic monzogranite becomes very distinctly porphyritic
as its contact with the surrounding schist and gneiss is
approached. In such border areas, the porphyritic monzo-
granite includes both euhedral and ovoid phenocrysts that
may be mantled by plagioclase. However, such rapakivi
textures are not restricted exclusively to widespread ex-
posures of the porphyritic monzogranite. In the Gold
Basin mining district (fig. 2), the porphyritic monzogranite
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microcline in the rock. Accessory minerals in the por-
phyritic monzogranite include zircon, apatite, allanite,
sphene, and various opaque minerals. Pyrite and rutile
are very minor accessory minerals that are present
sporadically in the porphyritic monzogranite.

Although the exposed levels of the porphyritic monzo-
granite of Garnet Mountain were not deformed syntec-
tonically with the early upper-amphibolite-facies metamor-
phism of the area, some of the porphyritic monzogranite
has been deformed intensely during the retrograde
greenschist event. Porphyritic monzogranite, for exam-
ple, which crops out about 1 km north of Iron Mountain,
shows an intensely crushed and chlorite-rich metamorphic
overprint (fig. 26FE, F'). The intense deformation of these
greenish-gray rocks is indicated by their bent kink-banded
plagioclase (oligoclase-andesine, about Angy) and the
replacement of all primary biotite by chlorite and secon-
dary sphene. These folia in turn show neocrystallization
of even later minute undeformed porphyroblasts of
greenish biotite, which have grown with their {001}
cleavage lamella traces at high angles to the foliation
defined by chlorite. Large crystals of primary sphene in
the rocks are broken, veined, and altered to leucoxene.

FIGURE 26.—Textural relations in gneiss immediately adjacent to por-
phyritic monzogranite and in porphyritic monzogranite itself. Crossed
nicols. A, Microcline (M) mantled by myrmekite (myr), showing por-
phyroblastic development in matrix of biotite-epidote gneiss (gn). From
pendant engulfed by porphyritic monzogranite in southern White Hills.
H, hole in thin section. Sample GM-813. B, Myrmekite microveining
microcline (M) across and along twin planes in microcline. Sample
GM-813. C, Porphyritic monzogranite showing only slight evidence
of deformation, including bent biotite crystals and a slight ribboning
and undulation of quartz (Q). Plagioclase (P) is andesine (Angg) and
partly altered to white mica. Mafic minerals are clustered tightly into
mostly hornblende-biotite aggregates (hb). Optically unzoned micro-
cline phenocrysts (M) include flakes of biotite (B) and possibly
titaniferous magnetite (mag). Sample GM-50, same as analysis 6, table
14. D, Equigranular biotite monzogranite facies of porphyritic monzo-
granite. K, perthitic microcline; P, plagioclase (Angs). Includes
accessory allanite, sphene, magnetite, apatite, zircon, and sparse
secondary white mica. Sample GM-70, same as analysis 7, table 14.
E, Porphyritic monzogranite deformed during greenschist metamor-
phism of area. Plagioclase (P) is partly altered to epidote and white
mica. All primary biotite is partly altered to epidote and white mica
and is replaced by chlorite (C). Perthitic potassium feldspar (K) is micro-
veined by chlorite and epidote (C+E) and by other veins showing
quartz-chlorite-white mica-epidote assemblages. Large crystals of
sphene (8) are broken, veined, and altered partly to leucoxene. Ac-
cessory minerals in rock include relatively large crystals of allanite
(A). Sample GM-29 from approximately 1 km north of Iron Mountain.
F, Intensely deformed porphyritic monzogranite. Crosshatch-twinned
potassium feldspar (K) is veined by white mica, epidote, and quartz.
Epidote-rich groundmass (G) also contains chlorite, white mica, and
quartz. Fairly large crystals of sphene (S) are altered heavily to leu-
coxene and are veined by chlorite, quartz, epidote (trace), and white
mica. Sparse plagioclase (P) in rock is altered partly to white mica.
Allanite (A) is accessory. Sample GM-29a, locality same as E.

The large crystals, as long as 2 cm, of perthitic potassium
feldspar are brecciated, are cut by microveinlets of quartz,
epidote, chlorite, and white mica, and are replaced by
patches of deformation-related albite.

As revealed by petrographic studies, the modal composi-
tions of unmetamorphosed porphyritic monzogranite
range from monzogranite to granodiorite (fig. 24). Most
of these modally analyzed samples, however, plot in the
compositional field of monzogranite; only two of the
samples plot in the field of granodiorite, very close to the
field of monzogranite. The color index of the porphyritic
monzogranite ranges from about 5 to about 24 (tables 12,
14).

Modal content of potassium feldspar in the samples of
porphyritic monzogranite is among the highest of the
Early Proterozoic igneous rocks in the districts (fig. 24).
This relation may be interpreted to be the result of dif-
ferentiation. Projection of this trendline toward the
quartz-plagioclase sideline suggests differentiation away
from a region close to the plagioclase corner of the ternary
diagram. In addition, most of the analyzed samples of
Early Proterozoic leucogranite plot near the potassium
feldspar-rich domain of the trendline, whereas samples
of gneissic granodiorite plot near the plagioclase-rich parts
of the trendline. However, these modes may not be ac-
curate because of the relatively large size of the potassium
feldspar phenocrysts. Also, many phenocrysts may have
crystallized initially from a magma that was different
from that represented by the matrix of the rocks (see
Wilcox, 1979).

Chemical analyses of eight rock samples from the por-
phyritic monzogranite of Garnet Mountain suggest that
the rocks are chemically quite uniform (table 14). These
analyses include a sample from a medium-grained mafic
pod (table 14, analysis 4) hosted by the porphyritic monzo-
granite. Contents of SiOs in the eight samples are be-
tween 64.4 and 71.9 weight percent and average 69.5
weight percent. The K20 contents range from 3.3 to 6.1
weight percent, and the NagO contents are remarkably
consistent, ranging from 2.5 to 2.9 weight percent. The
ratio of K50 to NagO ranges from 1.3 to 2.4; the content
of K50 is lowest (table 14, 8.3 weight percent, analysis
6) in the sample containing the most Ca0 (4.0 weight per-
cent). This sample (table 14, analysis 6) includes signifi-
cant amounts of hornblende, and the analysis shows the
highest ferrous- to ferric-iron ratio determined and the
lowest content of SiOy. Relatively mafic phases of the
porphyritic monzogranite, exemplified by analysis 8 (table
14), which is of a rock determined to have a color index
of 18, only differ slightly from leucocratic phases (table
14, analysis 2, color index 4.7). These differences consist
primarily of less SiOz and K20, but more total Fe, CaO,
and TiOs. Much of the increased content of TiOg reflects
probably an increase in the amount of sphene in the rock.
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TABLE 14.—Analytical data from the Early Proterozoic porphyritic monzogranite of Garnet Mountain

[Chemical analyses by rapid-rock methods; analysts, P.L.D. Elmore and S. Botts. Methods used are those described in Shapiro and Brannock (1962), supplemented
by atomic absorption (Shapiro, 1967). Spectrographic analyses by Chris Heropoulos. Results are reported to the nearest number in the series 1, 0.7, 0.5, 0.3, 0.2,
0.15, 0.1, 0.07, and so forth, which represent z?l)é)roximate midpoints of interval data on a dgeometric scale. The precision of a reported value is égproximately plus

or minus one series interval at 68-percent confidence or two intervals at 95-percent confidence. Looked for but not found: Ag, As, Au, B, Bi, Cd, Mo, Ni, Pd, Pt,
Sb, Sn, Te, U, W, Zn, Hf, In, Li, Re, Ta, Th, T], Pr, Sm, Eu. --, not detected; N.D., not determined])
Analysis =——mmeee——- 1 2 3 4 5 6 7 8 9 10 1
Sample =—e-—eeeeoeee GM~34 GM-553 GM-562 GM=566 GM=573 GM-50 GM-70 GM-120
Chemical analyses (weight percent)
L 71.6 71.9 69.8 69.4 70.8 64.4 70.4 67.7 69.5 71.30 72.2
A1203 1.1 14.3 13.8 14,2 13.8 15.4 14.6 14.3 14.3 14.32 13.8
Fe, 0 1.4 1.7 2.3 2.4 1.2 2 1.6 2.1 1.8 1.21 1.9
Fe0 ~--: 2.2 1.2 2.1 2.4 2.3 4.7 3.3 3.5 2.7 1.64 1.5
Mg0 - .60 .40 .80 .80 .50 1.2 1.1 .80 .78 A .29
Ca0 -~ 1.9 1 2.2 2.6 1.5 4 2.5 3 2.3 1.84 1.5
Na,0 — 2.5 2.5 2.8 2.8 2.9 2.6 2.5 2.8 2.7 3.68 2.6
K50 - 5. 6.1 4.9 4.6 5 ) 3.3 4.2 4.7 4.07 5.7
Hy0' ——. .84 1.4 1 1 1 .70 17 .66 .92 .64 .69
Hao' - .06 .04 T .02 ol .03 .06 .0l .05 A3 .06
Tio, - .60 .39 .62 T4 .52 1.3 LTH .95 .73 .31 .39
P505 - .23 A7 .28 .30 24 50 .15 .36 .28 12 .09
MO =—=ee. .00 .00 .09 .08 .03 .09 .00 .09 .05 05 .05
€0, —- .08 .15 1 <.05 <.05 .05 .06 .15 .10 .05 .06
F oo e .12 .06 ] .13 A7 N.D. N.D. N.D. .12 N.D. .22
Subtotal 101.43 101.31 101.01 101.47 100 100.97 101.08 100.65 101.03 100.07 101.05
Less 0 = F ——e—waa .05 .03 .06 .05 .07 N.D. N.D. N.D. .05 N.D. .13
Total —e—meme-. — 101.38 101.28 100.95 101.42 99.93 100,97 101.08 100.65 100.98 100.07 100.92
Semiquantitative spectrographic analyses (weight percent)
0.15 0.1 0.2 0.15 0.1 0.2 0.15 0.2 N.D. N.D. N.D.
.00015 — .0002 .0002 .0003 .0002 .00015 .0002 N.D, N.D. N.D.
.0005 .0003 .0007 .0007 .0005 .001 .0007 .001 N.D. N.D. N.D.
.0007 .0005 .0007 .0007 .0005 .001 .003 .001 N.D. N.D. N.D.
.0003 .00015 .0007 .001 .0005 .001 .0015 .0015 N.D. N.D. N.D.
.015 .015 .005 .02 .015 .007 .02 .01 N.D. N.D. N.D.
.0015 .0015 .002 .003 .002 .003 .002 .002 N.D. N.D. N.D.
-—_ .0002 - .0002 - .0005 .001 .0003 N.D, N.D. N.D,
.003 .007 .002 .002 .005 .0015 .003 .002 N.D. N.D. N.D.
.001 .0005 .0015 .00 .001 .003 .0015 .002 N.D. N.D. N.D.
.05 .02 .03 .03 .02 .07 .03 .05 N.D. N.D. N.D.
.003 .002 .005 .005 .003 .005 .003 .005 N.D. N.D. N.D.
.005 .003 .007 .015 .005 .007 .002 .007 N.D N.D. N.D.
.02 .02 .05 .03 .03 .03 .03. .03 N.D. N.D. N.D.
.03 .03 015 .05 .03 .015 .03 .02 N.D. N.D. N.D.
.002 .003 .002 .002 .002 .003 .002 .002 N.D. N.D. N.D.
.0005 .0002 .0005 .0015 .0005 .001 .0001 .0007 N.D. N.D. N.D.
.01 015 01 .02 .015 015 .015 .015 N.D. N.D. N.D.
CIPW norms (weight percent)
32.1 31.8 29.5 28.9 30.9 22.7 34.9 27.5 N.D. 29.06 N.D,
1.9 2.6 1.1 .87 1.9 .83 2.8 .90 N.D. .92 N.D.
30.3 35.6 28.7 26.8 29.6 23.4 19.3 24.7 N.D. 24.5 N.D.
20.9 20.9 23.5 23.4 24.5 21.8 20.9 23.5 N.D. 31.13 N.D.
6.6 2.5 7.5 10 4.8 16.1 10.9 11.5 N.D. 8.04 N.D.
1.5 .98 2 2 1.2 3 2.7 2 ND. 1337 N.D.
1.9 .15 1.1 1.3 2.4 5 3.4 3.3 N.D. N.D. N.D.
2 2.4 3.3 3.4 1.7 2.9 2.3 3 N.D. 1.75 N.D.
1.1 .73 1.2 1.4 .99 2.4 1.4 1.8 N.D. .58 N.D.
«54 .40 .66 .70 57 1.2 .35 .85 N.D. .28 N.D.
20 .09 .23 .21 .31 - - - N.D. N.D. N.D.
.18 .34 .25 - - .1 4 .34 N.D. 12 N.D.
99.1 98.5 98.9 98.9 98.9 99.3 99.2 99.3 N.D. 99.75 N.D,
91.7 93.4 90.3 89.9 91.6 84.8 88.9 88.1 N.D. 93.65 N,D.
Femic —ewemmmmmae 7.4 5.1 8.6 9. 7.3 14.5 10.3 1.2 N.D. 6.1 N.D.
(2178 QR — 83.3 88.3 81.7 79 85 67.9 75.1 75.7 N.D. 84.24 N.D.
Modes (volume percent)
QUartz ee——eeccoe——— 34.8 27.8 N.D. N.D 30.7 N.D. N.D. 31.0 N.D, N.D. N.D.
Potassium feldspar — 27.6 39.2 N.D. N.D. 29.9 N.D. N.D. 17.7 N.D. N.D. N.D.
Plagioclase —————m—— 25.7 28.3 N.D, N.D. 24.3 N.D. N.D. 33.3 N.D. N.D. N.D.
Mafic minerals —=———- 12 4.7 N.D. N.D. 15 N.D. N.D. 18 N.D. N.D. N.D.
1Hypersthene.
Differentiation index of Thornton and Tuttle (1960), defined as the total of normative quartz plus normative orthoclase plus normative
albite.

1. Porphyritic monzogranite; NW1/4 sec. 16, T. 28 N., R. 16 W,

2. Porphyritic monzogranite, fine-grained border facies.

3. Porphyritic monzogranite, biotite-rich mafic facies,

4, Medium-grained mafic pod in porphyritic monzogranite.

5. Porphyritic monzogranite.

6. Porphyritic monzogranite, hornblende bearing; SE1/4 sec. 12, T. 28 N., R. 17 W.

7. Porphyritic monzogranite; SE1/Y4 sec. 19, T. 28 N., R. 16 W.

8. Porphyritic monzogranite, in mixed granodioritic complex; NW1/4 sec. 26, T. 28 N., R. 17 W.
9. Average porphyritic monzogranite, from analyses 1-8 of this table, excluding detected values below limits of determination.
10. Granite, average of 2,485 analyses, from LeMaitre (1976).
11. Average biotite monzogranite (from table 13, this report),



PETROCHEMISTRY OF CRYSTALLINE ROCKS

Five of the samples of porphyritic monzogranite were
analyzed for fluorine; the average content of fluorine is
0.12 weight percent (table 14). Also, a slight correlation
may exist between the cerium contents of these samples
and their differentiation indices (fig. 27). Generally the
analyses of porphyritic monzogranite are very like the
average granite of Le Maitre (1976), listed in table 14 as
analysis 10 for comparison. Similarly, the analyses of por-
phyritic monzogranite are not much different from the
analyses of biotite monzogranite (table 13), the average
of which is also listed in table 14 (analysis 11). The “degree
of alkalinity”” of this suite of rocks from the porphyritic
monzogranite and biotite monzogranite, as indicated using
the alkali-lime index of Peacock (1931), is calc-alkalic
(fig. 28).

The limited number of available analyses of the por-
phyritic monzogranite preclude our establishing well-
documented variation trends. In the AIkFM diagram (fig.
29A), the trend appears to be away from a region near
the F corner to a point along the AIkF sideline, approx-
imately one-third of the distance from the Alk corner.
However, the two analyzed samples of biotite monzo-
granite, which apparently is older than the porphyritic
monzogranite, plot near the terminus of such a variation
trend. The ACF diagram (fig. 29B) also shows a poorly
developed variation trend projected toward the A corner
of the diagram. The AKF diagram (fig. 29C) shows more
scatter than the two preceding diagrams and suggests a
variation trend projected away from the midpoint of the
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F1GURE 27.—Fluorine and cerium contents versus differentiation index,
2(Q+Or+ Ab), of analyzed samples of Early Proterozoic porphyritic
monzogranite of Garnet Mountain and Early Proterozoic biotite
monzogranite.
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AK sideline. Figure 29D shows normative proportions of
quartz, orthoclase, and albite in the analyzed samples from
the porphyritic monzogranite and the biotite monzo-
granite. All these samples contain greater than 80 per-
cent Ab+Or+ An +Q; and all but one of the analyses (table
14, analysis 6—a hornblende-rich facies of the porphyritic
monzogranite) contain greater than 75 percent Ab+Or
+Q. The An contents of all analyzed samples of por-
phyritic monzogranite and biotite monzogranite, normal-
ized to 100 percent Q+Or+ Ab+ An, range from 2.8 to
19.2 percent. However, if analysis 6 (table 14) is excluded,
the range is 2.8 to 13.2 percent, and the average value
of the normalized An contents is 8.2 percent. The norma-
tive proportions of quartz, orthoclase, and albite in all but
one of the analyzed rocks cluster tightly in an area show-
ing either an increased Ko0/NagO ratio relative to a
trendline connecting the ternary minimum at Pp,o=
Pyji21=100 MPa for contents of An varying from 3 to 7.5,
or decreased ratios of Q/(Ab +Or) relative to these mini-
mums (fig. 29D). However, this cluster of normative pro-
portions of quartz, orthoclase, and albite coincides with,
and apparently is elongate along, the ternary minimum
for Ppp,0=Piota1 = 2,000 kg/em? projected onto the anhy-
drous base of the Ab-Or-Q-H20 tetrahedron determined
by Tuttle and Bowen (1958). The plot of these data from
the porphyritic monzogranite and biotite monzogranite
thus suggests that the rocks are highly differentiated and
that they may have crystallized from a magma at Py,o=
Piota1= about 200 MPa, assuming that (1) the samples
analyzed reflect minimum melt compositions (see above,
and Anderson and Cullers, 1978) and (2) the magma(s) was
saturated with respect to HoO (Steiner and others, 1975).
The abundance of aplite dikes and pegmatites associated
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